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Abstract 
Maize, along with rice and wheat, provides the foundation of human food supply. Ecological 
intensification of maize cropping systems and accelerated genetic improvement of maize yield will 
be necessary to satisfy an increasing demand from rapid population growth (Cassman 1999). 
Understanding of the physiological basis underpinning genetic improvement of maize can inform 
breeding efforts and improve tailoring of maize hybrids to intensified cropping systems.  
Maize yields in the US Corn Belt have increased at a rate of 1% a year for over 70+ years. A series 
of field studies using the so-called ERA hybrid set (Duvick et al. 2004a), which represent 
commercially successful hybrid releases over that period, demonstrated that yield improvement 
resulted from the interaction between genotype and plant population, and documented that yield 
advance was associated with increased leaf angle score and stay-green score, and decreases in 
anthesis–silking interval (ASI), tassel size scores, and barrenness. Changes in leaf angle scores and 
stay green scores have been implicated as determinants of increased radiation use efficiency and water 
capture (Hammer et al. 2009a; Messina et al. 2009). Increased kernel number per unit area via reduced 
barrenness, shorter ASI, and reduced tassel size suggest that biomass allocation to the ear may have 
changed as the result of selection for yield in the ERA hybrids (Duvick et al. 2004a; Hammer et al. 
2009a). Increased total biomass and increased partitioning to the kernels around silking and during 
early ear growth have been implicated as the major physiological determinants of the yield increase 
in short-season maize (Tollenaar et al. 2006a). 
We have a cursory understanding of the physiological drivers of yield improvement in temperate 
maize. This study provides empirical evidence to evaluate previously proposed hypotheses (i.e., water 
capture; Hammer et al. (2009a)) and deductions from field observations. This study utilizes a crop 
growth and development framework structured on concepts of resource capture, utilization efficiency 
and allocation to guide field experimentation. The experimental component of this study includes 
field experiments in managed stress environments located in USA and Chile during the growing 
seasons 2012 and 2011/2012 respectively, seeking to quantify genotypic differences in light and water 
capture, crop and ear growth, and resource allocation. Two seasons of experiments in 2012 utilizing 
the lysimeter and root chamber facilities located at UQ have been used to quantify genotypic 
differences in transpiration dynamics and efficiency, biomass allocation, and sensitivities to drought 
stress. Experimental work used a contrasting subset of single crosses from the ERA hybrids with seed 
available in Australia. All the experiments were planted at the highest plant density used in each 
location and platform. 
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Measurement of soil water during two years of field experiments showed that total water capture 
under water-limited conditions did not differ between hybrids from another subset of the ERA hybrids 
released at different decades. However, there was evidence of changes in timing of water uptake over 
the season. No significant trends with year of release were observed in transpiration or transpiration 
efficiency in the two experiments conducted at the Gatton lysimeter platform, though significant 
differences existed between hybrids according to pairwise comparison (p-value<0.05). Field 
experiments in Chile and California revealed a trend in radiation use efficiency for a subset of the 
ERA hybrids that could account for some of the yield advance in well-watered environments. 
Genotypic differences in RUE were observed, and RUE increased at a rate of 0.0057 g MJ-1 y-1, 
which translates into 5 g m-2 y-1 in yield. This value is roughly 50% of the well documented trend 
in yield for irrigated corn. Two hypotheses are derived from this research; a) the improved RUE was 
due to improved tolerance to stress determined by leaf erectness reducing radiation load and canopy 
temperature, and improving water status, and b) the improved RUE is a manifestation of higher N 
status due to improved pre-flowering N uptake, staygreen during grain fill, and maintenance of 
assimilation. 
Finally, based on the experimental data resulting from field and the lysimeter platforms, genetic gain 
in yield and increase in number of kernels per unit land area were found to be underpinned by changes 
in partitioning around flowering. These changes were not equivalent in magnitude to the total 
differences in reported grain mass, but enough to alter the changes in carbon flow and partitioning in 
favor of the ear and kernels to support increased kernel set. These changes, in turn, enabled the 
increase in planting densities that support observed increases in grain mass. Trends were observed 
with year of release in specific leaf nitrogen (increase) and tassel size (decrease). Morphological 
changes in leaves during vegetative growth may underpin increased capacity to store N. Around 
flowering time both carbon and hormonal (e.g. cytokinin and abscisic acid) regulation, associated 
with a higher carbon assimilation due to increased RUE and reduced tassel size can increase 
reproductive sink size. Increased nitrogen concentration in leaves could support higher carbon 
assimilation during grain fill resulting in an increased grain yield.   
Results from this project provide information to improve the understanding of the physiological 
determinants of yield improvement in temperate maize, and document genotypic differences that 
could inform phenotyping and maize breeding efforts worldwide. 
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Chapter 1 Introduction 
Developing improved crop varieties and closing existing yield gaps represent two of the priority 
actions established by FAO to sustain the rate of increase in food production required to fulfil the 
demands of the growing world population (FAO 2009). Comprehensive understanding of the 
physiological basis underpinning historical improvements, and clear descriptions of the yield 
improvement opportunities, can accelerate the development of future cereal varieties. 
Average yield of maize (Zea mays L.), the main grain produced in the United States, has increased 
by more than 1% per year in the US Corn Belt from 1920 to the present. With the introduction of 
hybrids produced as single crosses, average yield has doubled from 1960s to the present day. These 
yield increases per unit area have been associated with increase in plant density and with genetic 
improvements in crop tolerance to stress and increases in resource transformation efficiencies 
(Tollenaar et al. 2002; Duvick et al. 2010).  
Duvick et al. (2010) summarized several studies describing improvements in yield associated with 
increases of plant densities from 30,000 plants ha-1 during the 1930’s to 85,000 plants ha-1 with current 
growing practices in the US Corn Belt. These studies were conducted using a time series of high sales 
volume hybrids released to the market in different decades, commonly referred to as the ERA hybrids 
(Duvick 1977; Duvick et al. 2004a; Duvick 2005a). They noted a suite of traits that they hypothesized 
reflected increased efficiency of production processes in maize plants or improvements in stress 
tolerance. However, these authors did not attempt to demonstrate causality in the association between 
these traits and increased tolerance. For instance, reductions in tassel size and mass, increases in leaf 
angle scores, and percentage of non-tillered plants are assumed to increase production efficiency, 
whereas decrease in anthesis-silking interval (ASI), increase in number of ears per 100 plants and 
staygreen or non-senescence scores, which account for the level of senesced and green leaves, are 
listed as traits evidencing higher stress tolerance. Increases in yield have been reported closely related 
to increases in plant population, but minimum increase in harvest index has been reported (Duvick 
1977; Duvick et al. 2004a; Duvick 2005a; Tollenaar et al. 2006b; Hammer et al. 2009a). 
Empirical evidence demonstrating the physiological changes underpinning the genetic gain in maize 
grain yield in the US Corn Belt is scarce, although there have been some studies indicating changes 
in plant height, total leaf number, reduce biomass and increased partitioning to the ear in tropical 
maize.  For hybrids developed in other regions such as Canada or Argentina (Bolaños et al. 1993b; 
Luque et al. 2006; Lee et al. 2007), studies have reported improved biomass accumulation post 
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flowering with extension in functional stay green and partitioning to reproductive organs along with 
an enhanced relation between kernel number and plant growth rate  
The aim of this study was to explore the physiological basis underpinning yield improvements from 
long-term genetic gain in yield of maize in the US Corn Belt in a subset of the ERA hybrids. To 
achieve this, detailed studies were conducted under scenarios with either radiation or water as the 
principal driver of growth. Experiments were conducted in both field and controlled environments to 
quantify the physiological determinants of growth most likely responsible for the yield advance in 
the ERA hybrids.   
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Chapter 2 Physiological Determinants of Crop Growth and Grain Yield in Maize 
(Zea mays L.)   
2.1 Genetic gain and potential yield 
 
The long-term genetic gain in maize yield in the US Corn Belt over the past 80 years has been 
demonstrated by quantifying the average yields of commercially successful hybrids released to the 
market over eight decades; these hybrids are known as the ERA hybrids  (Duvick et al. 2004b; Duvick 
2005b; Campos et al. 2006; Cooper et al. 2014) (Fig. 2.1). Yield has doubled during the more recent 
period corresponding to utilization of single cross hybrids between 1965 and 2008, when compared 
to the full 80 year data set (Grassini et al. 2013). Biotic and abiotic stresses during this period have 
driven selection toward more stress tolerant hybrids. Increased planting density has been an important 
factor influencing genetic gain for yield via increases in the number of kernels per unit of land area.  
Higher genetic gain for yield as plant density increases is consistent with the limited increase in 
harvest index (HI) for the US Corn Belt (Tollenaar et al. 2006b; Tollenaar and Lee, 2010; Hammer 
et al. 2009a).  Along with increases in grain yield over time, other traits have been selected, with an 
assumed causal relation to yield gain.  Tassel mass and size has been reduced, grain starch has 
increased whereas grain protein has decreased, the percentage of non-tillered plants has increased, 
and leaf angle has become more erect (Connor et al. 2011).  
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Fig. 2.1 Maize grain yield regressed on year of commercialization of ERA hybrids from 1930. Data 
collected from field experiments conducted and reported by Duvick et al., 2004 (figure from Hammer 
et al., 2009) 
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2.2 Physiological framework 
The constant genetic gain for yield in maize hybrids in the US Corn Belt observed for the DuPont 
Pioneer ERA hybrid set since the mid 1920’s (Fig. 2.1) is due mainly to an increase in the number of 
kernels per unit of land area. Along with these increases, no major changes occurred in yield potential 
per plant, which is the maximum yield  obtained under non limited conditions (Evans et al. 1999). 
This is consistent with the observation that the yield increase over time was associated with increasing 
plant population (Duvick et al. 2010). In order to understand historical yield increases, we need to 
understand biomass production and yield formation in maize and its response to the environments 
present in the US Corn Belt.  
 
Plant production results from accumulation of biomass over time during the growing season as 
observed in Figure 2.2.  Plant growth usually follows a sigmoidal curve with an exponential phase, 
during which growth is limited by incomplete canopy cover and low light interception, followed by 
a linear phase and finally a senescent phase (Duvick et al. 2010; Connor et al. 2011). The slope of the 
curve representing biomass per unit land area versus time is the crop growth rate (CGR).  
 
Figure 2.2 Schematic representation of biomass accumulation and partitioning in maize following a 
sigmoidal curve with an exponential phase followed by a linear ending with the senescence phase 
(based figure on Connor et al., 2011).  
The total biomass accumulation in crops depends on the length of the growing season (Yin et al. 
2009) and the crop growth rate. C4 plants such as maize have higher rates of photosynthesis, resulting 
in elevated dry matter production rates compared with C3 crops,  reaching up to over 50 t ha-1 in areas 
with long growing seasons (Connor et al. 2011). 
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In the absence of nutritional and biotic limitations, crop growth rate and biomass accumulation can 
be viewed as either light-limited or water-limited, and along with consideration of the fraction of total 
biomass allocated to grain, this provides a physiological framework to understand biomass production 
and yield formation (Fig. 2.3) and predict its dynamics through the crop life cycle (Hammer et al., 
2009). 
 
Figure 2.3 Schematic representation of the physiological framework adopted for this study. Cereal 
biomass production is driven by light under optimal growth conditions with no abiotic or biotic 
limitations. Under water-limited conditions, water capture and the efficiency of water utilization drive 
biomass production. Harvest index represents the proportion of that biomass that it is partitioned to 
harvestable yield. Measurements in sections A are presented in chapter 4 and 5, those in section B 
and C in chapter 3 and 6 respectively. 
When no water constraint is present and no other biotic or abiotic factors limit plant growth, radiation 
will be the main determinant of growth. In general, crop growth will depend on the amount of light 
the canopy can intercept (Monteith 1969), which is a direct function of leaf area and canopy 
architecture and the rate at which that radiation is converted to biomass, or radiation use efficiency 
(RUE) (Gifford et al. 1984; Sinclair et al. 1999). Numerous studies relating biomass accumulation 
with radiation, incident or intercepted, have been reported. For example, Muchow et al. (1994) found 
biomass accumulation was decreased by lower radiation interception in sugar cane. In that study, they 
A 
C 
B 
7 
 
also reported that RUE was 1.75 g MJ-1, based on intercepted total solar radiation. RUE is known to 
vary among species.  Kiniry et al. (1989) reported mean RUE values for five grain crops based on 
different studies, with values for rice and sunflower of 2.2 g MJ-1, wheat and sorghum 2.8 g MJ-1, and 
maize 3.5 g MJ-1.  These values were based on intercepted photosynthetically active radiation (PAR), 
so that the value found for sugar by Muchow et al (1994) is similar to that found for maize after 
correcting for the radiation component. 
Under water-limited conditions, the two factors influencing biomass production  are the amount of 
water the crop can capture and transpire, and the conversion rate of water to biomass, also known as 
water use efficiency (WUE) or transpiration efficiency (TE) (Passioura 1977, Blum 2009). This 
framework was developed and used in sunflower as a means to predict crop growth in water-limited 
situations (Chapman et al. 1993).  Water productivity, the mass of biomass produced per unit of water 
transpired, has been proposed as a selection criterion to increase yield and gain yield stability under 
limited water conditions and genetic variation has been reported in some species (e.g. sorghum -
Hammer et al. (1997)). 
Yield formation is dependent on the proportion of total biomass that is partitioned to harvestable 
organs.  Harvest index (HI) is commonly defined as the ratio of yield to above-ground biomass at 
maturity and, in maize, depends on the relative proportion of biomass accumulation before and after  
anthesis and on the ability to mobilize assimilates to grain after anthesis (Ludlow et al. 1990). For the 
last four decades, increased HI has been associated with progress in development of new varieties of 
crops such as rice, wheat, and barley, indicating an improvement in grain set via shifting (e.g. 
dwarfing) or remobilizing carbon assimilates from the shoots to the grain. However, in maize, 
increase in harvest index during this timeframe has been limited (Sinclair 1998; Duvick, Smith et al. 
2010). 
Each component of this physiological framework (Fig. 2.3) will be reviewed in relation to the aims 
of this study. The major components of the study are closely linked with this physiological framework 
for crop growth.   
2.3 Radiation capture and use efficiency 
The photosynthetic process in plants depends on the total solar radiation incident on the canopy and 
the intensity of the spectral component suitable photosynthesis (0.4 to 0.7 µm). The interaction of 
incident solar radiation with the canopy is dependent on the solar angle and relative intensity of the 
diffuse radiation (Duncan et al. 1967; Monteith 1969; Hammer et al. 1994). Solar angle and the 
fraction of diffuse radiation both affect the penetration of light into the canopy.  
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Most of the incident radiation is intercepted by leaves, mainly the leaf laminae, with the some also 
intercepted by stems, sheaths and, in some species and developmental stages, inflorescences. Light 
interception will vary depending on the architecture of the canopy, which is usually described by the 
leaf area index (LAI) and leaf angle distribution. Total light interception can be determined from LAI 
and a canopy light extinction coefficient, which represents the leaf angle distribution, assuming 
Beer’s Law (Monsi  et al. 2005). These factors affect the distribution of leaf area in the canopy 
between sunlit and shaded, and some diurnal canopy photosynthesis models use that partition to scale 
from leaf level photosynthesis to canopy level (Hammer et al. 1994; de Pury et al. 1997). 
Intercepted PAR has been related to kernel set in maize when measured during the period of time 
around kernel set (Andrade et al. 2000), but studies conducted to relate genetic gain in kernel number 
per unit area in Argentine maize to changes in canopy architecture showed no relationship (Luque et 
al. 2006). However, a diverse set of genotypic backgrounds were included in the study, and the impact 
of architectural differences may have been masked by other factors. 
RUE is the amount of biomass produced per unit of energy absorbed. To estimate RUE, light can be 
expressed as incident or intercepted PAR depending on the objective of the study. Incident radiation 
has been used mainly for ecological experiments to compare efficiency between different species, 
and intercepted PAR is used for specific crop studies (Sinclair et al. 1999).   The process can be 
described at the leaf area level, i.e. net assimilation rate, or at unit ground area level, i.e. crop growth 
rate, in which case radiation intercepted is expressed as either that intercepted per unit of area of 
foliage or per unit area of ground (Monteith et al. 1977).  When biomass accumulated relative to 
intercepted light levels is measured for a canopy, the term RUE has become accepted in practice 
(Sinclair et al. 1999). At the canopy level, measurement of RUE involves measures of both the total 
biomass accumulated during a period of time and the radiation intercepted by the canopy over that 
time.   Consequently, total biomass can be estimated as the product of  RUE and intercepted PAR 
(Lindquist et al. 2005) . 
Significant differences in RUE are observed among species, and C4 plants in general have higher 
RUE values than C3 species (Sinclair et al. 1999) because of their enhanced photosynthetic rate. The 
main differences between C3 and C4 photosynthetic systems are the maximum rate and light 
dependence of electron transfer, maximum rate of carboxylation, photo-respiration, photochemical 
efficiency at lower irradiance levels, and carbon dioxide compensation point (Norman et al. 1991). 
There are many studies reporting specific values of RUE for a range of crops (Sinclair et al. 1999).   
There is evidence supporting differences between maize and sorghum in both light interception and 
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use efficiency, with maize showing higher efficiency than sorghum (Muchow et al. 1988). Some 
studies have examined differences between maize genotypes in RUE.  Tollenaar et al. (1992) explored 
the relation between RUE and biomass accumulation, reporting differences between an old and a new 
hybrid at their optimal densities when grown in Canada. However, the use of a variety of 
methodologies to report RUE and biomass, environmental variability (Norman et al. 1991), as well 
as the selection of a relatively small  number of genotypes with very different genetic backgrounds 
limit the ability to demonstrate a general trend of increased RUE with genetic gains. 
Kiniry et al. (1989 from Sinclair et al. (2005)) reported estimates of RUE for different species based 
on leaf area index to estimate light interception, obtaining a high value for maize of 3.5 g MJ-1  
intercepted PAR. Potential RUE for maize has been estimated at 4.6 g MJ-1 intercepted PAR (Loomis 
et al. 1999) but values as high as 3.4 g MJ-1  have been infrequently reported  (Lindquist et al. 2005).  
Duncan et al. (1967) documented the effect of leaf angle and light interception around solar noon on 
daily net photosynthesis by demonstrating increases in plant growth rate (PGR) and thus RUE of 
canopies with increasingly vertical leaves over the horizontal, especially when the canopy has reached 
high LAI. In more recent studies, full season crop simulations showed a positive effect on yield of 
more erect leaf angles in combination with increased plant density. This response, however, was 
observed only in  high yielding environments with slight increases in yield under higher plant density 
(Hammer et al. 2009a). Several studies conducted on the ERA hybrids found a positive correlation 
between year of release of the hybrid and leaf angle scores, with an increase in the score of about 1 
point per decade, indicating that hybrids have been selected towards more upright leaves  (Duvick et 
al. 2010). The study of Hammer et al. (2009a) suggests that there are only slight consequential effects 
on RUE and they suggest any association with yield advance would likely be related to other factors, 
such as better distribution of light into the canopy, possibly aiding leaf retention.  Lower canopy 
temperatures have been related to more upright leaves of newer hybrids in comparison with older 
hybrids (Barker et al. 2010). 
At this point in time there is no definitive evidence to determine whether changes in radiation capture 
and use efficiency are implicated in the observed yield gain in maize in the US Corn belt.  This will 
be one focus of this study. 
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2.4 Water capture and use efficiency 
Water capture is critical for yield production and it can be assumed that root systems designed to 
capture more water by exploring soil more intensively can confer production advantages. However, 
the timing of water capture is relevant in addition to the amount captured (Passioura 1983; Sinclair 
et al. 2005; van Oosterom et al. 2011; Borrell et al. 2014). When no limitation in soil water exists, 
water extraction is controlled by crop demand but when soil water is depleted, water use is limited 
by the amount available to the root system and the potential uptake rate (Robertson et al. 1993). Water 
uptake from the soil varies in time and space as plants develop, and soil water depletion shifts to 
deeper soil layers as plants mature (Tinker 1976; Meinke et al. 1993; Robertson et al. 1993). 
One strategy proposed to improve soil water capture by wheat and barley is to select for genetic 
variation in root system size to minimize the water remaining in the soil profile at maturity (Fischer 
1981). In sorghum, as in other crops, water capture has been observed to be less in early genotypes 
compared with late genotypes more likely due to a reduced leaf area and increase root length density 
which can be related to an improved water status (Blum et al. 1984).  In both wheat (Manschadi et al. 
2006) and sorghum (Singh et al. 2011; Singh et al. 2012), genetic variation in root system architecture 
has been reported and associated with increased water capture at depth.  In both cases, there is 
evidence of association with enhanced adaptation to water limitation (Manschadi et al. 2007; Mace 
et al. 2011), especially in the case of sorghum, where genomic regions controlling root architecture 
were associated with yield performance in breeding trials (Mace et al. 2011). 
In maize, Bolaños et al. (1993b), in their evaluation to eight cycles in an initiative to advance drought 
tolerance, found a decrease in total root biomass and a reduction in superficial root occupancy, which 
was consistent with their observation of reduction of resistance to vertical root pulling. However, no 
water extraction differences were significant at 140 cm depth, suggesting that water use was not 
modified by selection. However, reports for temperate maize have shown differences in soil water 
extracted in the top soil layers when a double cross hybrid and a single cross hybrid were grown under 
managed drought conditions (Campos et al. 2004) and it has been long known that maize root systems 
can explore to at least 2m depth in favourable soils (Weaver 1926). 
Results from a simulation study conducted to consider the roles of leaf and root architecture on light 
and water capture helped formulate the hypothesis that changes in root architecture associated with 
improved soil occupancy and water capture could be a process underpinning the observed genotype 
by density interactions in historical maize yield improvement in the United States (Hammer et al. 
2009b). The onset of rapid yield improvement under drought stress conditions that coincided with the 
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initiation of single cross hybrid breeding in the 1960’s (Cooper et al. 2006) could be associated at 
least in part with an increased water capture.  
 
Water use efficiency (WUE) is often defined as the ratio of biomass production to the total amount 
of water used by a crop. Biomass often refers to above-ground biomass since root biomass is 
infrequently assessed. Theoretically, leaf level mechanisms to conserve water such as stomatal 
closure, leaf rolling or movement, should tend to enhance WUE. However, stomatal closure during 
high periods of evaporative demand may lead to an increase in leaf temperature and consequently 
increased maintenance respiration (Ludlow et al. 1990). Ludlow et al. (1990) describe traits and 
mechanisms, such as early vigour, and reduced stomatal conductance that can improve yield and 
water use efficiency by competing with direct soil evaporation at early stages and by avoiding 
desiccation.  
Transpiration efficiency (TE) is defined as the ratio of biomass production per unit of water transpired 
(Tanner et al. 1983). TE better captures the balance of photosynthesis and transpiration at plant level 
without incorporating the confounding effects of soil evaporation as for WUE.  Tanner et al. (1983), 
in their detailed discussion on water use from leaf to crop level, formalized the inverse relationship 
between TE and water vapour deficit (VPD) of the air. Reports of differences in WUE or TE among 
maize genotypes are scarce. Bunce (2010) reported variability in TE at leaf level between hybrids, 
but there were no differences between drought tolerant and susceptible genotypes as groups. Other 
reports in maize have shown trends across hybrids in water use efficiency estimated from net canopy 
photosynthesis and canopy transpiration (Nissanka et al. 1997). Recently, however, genetic 
variability in the effect of VPD on TE has been observed among maize hybrids (Gholipoor et al. 
2013). This trait, which involves a restricted maximum transpiration rate, has been proposed for 
selection under water-limited environments because it could allow higher daily transpiration 
efficiencies and water conservation to improve water status during the period of high demand around 
flowering  (Gholipoor et al. 2013; Messina et al. 2015).      
Multiple approaches have been proposed to improve TE or WUE; including alterations in assimilates 
or photosynthesis  at the biochemical level, managing the crop environment to increase transpiration 
over evaporation, modified stomatal response to environment, and changes in harvest index  (Sinclair 
et al. 1984). Based on previous reports in wheat and rice, Blum (2009) argues that for higher yield 
under both drought and well-watered conditions, higher stomatal conductance is required. 
Researchers have used simulations to project an anticipated  benefit in limiting transpiration in 
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response to environment to increase yield under water limited conditions for sorghum (Sinclair et al. 
2001; Sinclair et al. 2005) and soybean (Sinclair et al. 2010).  
One objective of this study was to test the hypothesis that water capture increased as the result of 
selection for yield in single cross hybrids in the US Corn Belt and that this process determined, at 
least in part, the genetic improvement in grain yield under drought stress. Additionally, we test the 
hypothesis that transpiration efficiency has a role underpinning genetic gain for yield in maize by 
conferring better water status during the critical period around flowering.  
2.5 Partitioning and Harvest Index 
Harvest index (HI), which is commonly defined as the ratio of yield to shoot biomass at maturity, 
depends on the relative proportion of biomass accumulation before and after  anthesis and on the 
ability to mobilize assimilates to grain after anthesis (Ludlow et al. 1990). However, in maize, 
increase in harvest index during the period of yield increase associated with the ERA hybrids has 
been limited (Sinclair 1998; Duvick et al. 2010).   
Maize grain yield is highly correlated with the total number of kernels per unit of ground area filled 
at harvest time. Final number of kernels depends on plant growth rate (PGR), mainly at the critical 
sensitive period around flowering time (Andrade et al. 2000), which can be influenced greatly by 
environmental conditions (e.g. water limitation). It has been widely discussed that stress and nutrient 
deficiency around flowering can have a negative effect on ear development and consequently stop 
the development of kernels.  Kernel number has been closely related with the amount of assimilate 
available (Zinselmeier et al. 1999) at the time of kernel set. Additionally, it has been suggested that 
the availability of assimilate and higher photosynthetic activity at ear leaf level could be important in 
the determination of final kernel numbers (Wardlaw 1990; Hammer et al. 2009a). Maize kernel 
number per plant and for the topmost ear have been determined to be a response to intercepted PAR 
per plant during the 30 days around flowering (Andrade et al. 2000) by considering plant growth rate 
(PGR) as a function of RUE and intercepted radiation during that period. 
Productivity results from the ERA hybrids highlighted the dependency of genetic gain on plant 
population, reduction in the interval between anthesis and silking (ASI), decrease in the number of 
plants that do not set ears under high plant densities (i.e. barrenness), and limited change in harvest 
index (HI) (Duvick et al. 2004b). When these results are considered together and analysed in the 
context of the negative association between grain yield and ASI (Campos et al. 2004), which is an 
indicator of decreased ear growth rate and resource availability per ovule, they lead to the hypothesis 
that genetic gain was determined by  increased stress tolerance and resource allocation to reproductive 
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organs (Duvick 2005b). This hypothesis was evaluated with tropical germplasm selected for 
improved drought tolerance (Bolaños et al. 1993a; Edmeades et al. 1999), and Argentinian flint and 
semi-dent hybrids (Echarte et al. 2000; Luque et al. 2006), but still remains to be evaluated for US 
temperate maize.  
It is plausible that the reduction in ASI, and the apparent increase in allocation to reproductive organs, 
could result, at least in part, from improved plant, kernel and ovule water status (Oury et al. 2015). 
The reduction in ASI as determined by early silk emergence rather than late shedding (Welcker et al. 
2007), the high sensitivity of silks to water deficit (Westgate et al. 1985), and the high correlation 
between silk emergence and kernel set (Schussler et al. 1994), provide evidence to support this 
interpretation.  
Wardlaw (1990) proposed that partitioning or assimilate distribution in plants was controlled by 
source (supply, limited by the ability to capture and transform radiation), sink (hierarchy of size, 
position and number of organs), timing of development, and capacity to store and mobilize stored 
assimilates. Based on results reported for the ERA hybrids, genetic gain is associated with decreased 
barrenness or increased number of ears per unit of ground area (Hammer et al. 2009a; Duvick et al. 
2010). Hammer et al. (2009a) hypothesize that greater partitioning to the ear during its early 
development may be due to changes in canopy architecture and that reduced ASI may arise from a 
lower threshold plant growth rate for ear initiation and silking. This may induce significant 
consequential changes in biomass partitioning. There is evidence in sorghum that low soil water 
content around anthesis decreased kernel number (sink),  and changed partitioning by increasing root 
to shoot ratio (van Oosterom et al. 2011). It is plausible, that by enhancing the grain sink, enhanced 
partitioning to grain may result. Even though partitioning and harvest index may thus play a 
fundamental role in the genetic gain in maize yield, empirical evidence to support this hypothesis is 
lacking. This issue will be the final   focus of this study. 
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Chapter 3 Radiation use efficiency increased over half a century of single-cross 
maize breeding in the US corn belt 
   
Abstract 
 
In absence of abiotic and biotic stress, crop growth depends on the amount of light intercepted by the 
canopy and the conversion efficiency (radiation use efficiency, RUE). Leaf erectness can improve 
RUE and a causal relation was attributed to the correlated change in leaf erectness and yield in maize. 
This study tested the hypothesis that long-term genetic gain for grain yield was partly due to improved 
RUE. This hypothesis was tested using a set of nineteen elite single-cross hybrids commercialized in 
the US corn belt between 1963 and 2008. Crops were grown under irrigation and high density (plants 
m-2) in 2011(Chile) and 2012 (US). Dry matter accumulation and light interception were measured 
five or six times between planting and ten days after flowering. Hybrid differences in RUE were 
observed, and RUE increased at a rate of 0.0057 g MJ-1 y-1. This translates into 5 g m-2 y-1 in yield, 
which is ca. 50% of the documented yield trend for irrigated maize. Two hypotheses are derived from 
this research; a) improved RUE was due to improved tolerance to stress determined by leaf erectness 
reducing radiation load and canopy temperature, and improving water status, and b) improved RUE 
is a manifestation of higher N status due to improved pre-flowering N uptake, staygreen during grain 
fill, and maintenance of assimilation. 
Introduction 
In absence of abiotic and biotic stress, crop growth depends on the amount of light intercepted and 
absorbed by the canopy and the conversion efficiency, also known as radiation use efficiency (RUE, 
g of dry matter MJ-1; Monteith and Moss, 1977; Sinclair and Muchow, 1999). RUE for maize was 
estimated between 1.5 and 1.86 g MJ-1 of intercepted solar radiation (Sinclair and Muchow, 1999). 
Using modern germplasm with erect leaves, Lindquist et al. (2005) reported an RUE value of 1.85 g 
MJ-1, which is at the upper bound of the values previously reviewed by Muchow and Sinclair (1999). 
During reproductive stages RUE often decreases due to a reduction in leaf nitrogen (N) concentration 
(Sinclair and Muchow, 1995; Sinclair and Horie, 1989). RUE can also vary with changes in a) 
atmospheric transmission, partitioning of radiation between direct and diffuse radiation, and gradient 
of N concentration within the canopy (Hammer and Wright, 1994), b) leaf erectness and leaf area 
index (LAI; Duncan, 1971), c) atmospheric vapour pressure deficit (VPD; Stockle and Kiniry, 1990; 
21 
 
Kiniry et al., 1998), and air temperature (Andrade et al., 1992; Andrade et al., 1993; Stirling et al., 
1993).  
Leaf erectness in temperate maize increased concurrently with year of commercialization (Duvick et 
al., 2004) or in response to selection (Edwards, 2011). Leaf angle scores increased about 1 point per 
decade (Duvick et al., 2004). But the onset of rapid change in leaf erectness started with the beginning 
of single-cross (SX) maize breeding in the 1960’s (Duvick et al, 2004). During this period of time, 
yields measured in experiments conducted in the absence of water limitations increased at a rate of 
9.7 g m-2 yr-1 (Cooper et al., 2006). These concurrent changes along with the effect of leaf erectness 
on RUE (Duncan, 1971) suggest a role for leaf erectness on the genetic gain in yield.  
Experimental work provides evidence to support a positive relationship between leaf erectness and 
yield (Pendleton et al., 1968; Pepper et al., 1977; Lambert and Johnson, 1978). A positive correlation 
between leaf erectness interacting with plant density and yield in maize was demonstrated in 
simulation studies (Hammer et al., 2009). Simulation of breeding programs suggest that leaf erectness 
can both increase and decrease with cycles of selection when positive selection is applied to yield 
depending on intensity of drought stress conditions (Messina et al., 2009; Messina et al., 2011). 
Because both drought and well-watered environments are components of the target population of 
environments (TPE; Löffler et al., 2005; Messina et al., 2015), a causal relationship between changes 
in leaf angle and yield would depend on the frequencies of environment types that occurred during 
SX maize breeding for all breeding programs contributing germplasm to the development of maize 
hybrids. 
Direct evidence for changes in RUE with cycles of selection is scarce and limited to non-temperate 
maize germplasm. RUE increased during grain fill but not during vegetative stages in northern North 
America hybrids (Tollenaar and Aguilera, 1992), marginally increased in tropical germplasm 
(Bolaños and Edmeades, 1993) and significantly changed in Argentinian semi-flint hybrids (Luque 
et al, 2006). The objective of this study was to test the hypothesis that long-term genetic gain for 
grain yield during SX breeding in the U.S. Corn Belt was due, at least in part, to increased radiation 
use efficiency.  
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Materials and Methods 
Field experiments 
Two field experiments were conducted, one in 2011-2012 in Chile and the other in 
2012 in California, USA. The first experiment was planted at the DuPont Pioneer research 
station located in Viluco, Chile. The second experiment was located at the DuPont Pioneer 
research station at Woodland, California, USA. At both locations, weather variables were 
monitored using an automated weather station (Onset Corp, St. Louis, MO) and data are 
summarized in Table 1 and Figure 1. The experiments were planted in six-row plots in Chile 
and four-row plots in California. All plots were 4.5 m long with 0.76 m spacing between 
rows. Each row was irrigated through a dedicated drip tape buried 12 cm below the soil 
surface to assure good stand establishment, incorporation of fertilizer, and satisfy water 
demands. Irrigation applied in Chile and US experiments was 612 and 529 mm, respectively. 
 
Table 3.1 Environment summary for 2011-2012 and 2012 growing seasons at the DuPont Pioneer 
Research Centres located in Woodland, USA and Viluco, Chile. Data are from weather stations 
located in the same farm as the experiment site. 
 Rainfall 
Mean minimum 
temperature  
Mean 
maximum 
temperature  
Solar Radiation 
 
Month US Chile US Chile US Chile US Chile 
 -----mm----- -----°C----- -----°C----- ----MJ m-2 month-1---- 
January 62.30 0.00 1.50 12.05 17.10 29.97 330.53 891.82 
February 18.60 0.00 4.50 12.10 18.22 30.74 396.87 723.34 
March 74.50 0.00 5.67 10.26 17.59 30.45 474.90 641.35 
April 35.10 0.10 8.56 8.70 23.12 26.03 649.94 265.85 
May 0.00  11.20  29.14  807.98  
June 0.70  12.50  30.85  853.80  
July 0.00 71.50 12.66 0.88 33.25 16.44 868.28 304.82 
August 0.00 58.30 12.69 3.53 35.44 16.02 790.05 306.99 
September 0.10 0.70 11.19 6.01 35.46 23.47 640.94 537.08 
October 23.90 1.30 10.08 6.52 28.11 24.74 474.33 665.97 
November  0.30  8.85  28.05  759.71 
December  2.00  10.95  29.59  891.82 
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Planting dates were November 24th, 2011 in Chile and May 7th, 2012 in USA. Plant stands 
were thinned to 9 plants per square meter in USA and 11 plants per square meter in Chile. 
Fertilizer applications were 26.1 and 18.7 g m-2 of N in Chile and USA experiments, 
respectively. Experiments were maintained free of pests, diseases and weeds. 
Table 3.2 Single-cross maize hybrids included in experiments conducted in Chile and USA and their 
year of commercial release 
Hybrid Year Hybrid Year 
3306 1963 3489* 1994 
3376 1965 34G81 1997 
3366 1972 33P67 1999 
3301A 1974 34H31 2002 
3541 1975 33D11 2005 
3382* 1976 35F40 2007 
3377 1982 32T16* 2008 
3475* 1984 33D49 2008 
3379 1988 33W84* 2008 
3394 1991   
*Grown only in USA 
Nineteen SX hybrids that were commercialized between 1963 and 2008 were planted across both 
experiments (Table 3.2). These represented a sample of SX hybrids that have previously been 
included in long-term genetic gain experiments for maize in the US corn belt (Duvick et al., 2004; 
Smith et al., 2014). These so called ERA hybrids represent a historical sequence of hybrids that were 
widely grown in the US corn belt after their commercial release. Field experimentation in managed 
drought environments and in the US corn belt demonstrated yield improvement under various 
environmental conditions, and changes in leaf angle (Cooper et al., 2006; Duvick et al., 2004). Plant 
germplasm described in this publication may be available to the academic community and other not-
for-profit institutions solely for non-commercial research purposes upon acceptance and signing of a 
material transfer agreement between the author’s institution and the requestor. In some cases, such 
materials may contain genetic elements or components that were obtained from a third party(s), and 
the authors may not be able to provide materials including or containing third party components to 
the requestor because of certain third-party contractual restrictions placed on the author’s institution. 
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In such cases, the requester will be required to obtain, directly from the third party, permission or 
license to conduct research, before the material containing such components can be provided from 
the author institution. 
 
 
Figure 3.1 Temporal dynamics of vapour pressure deficit (VPD) at midday for Chile and USA. 
Running means (n=3) shown in dashed line for Chile and solid line for USA. 
 
Light Interception  
Data were collected within 1 hour of solar noon for every plot in all replications five times during the 
growth cycle in Chile (49, 56, 61, 68 and between 80-90 days after planting) and four times in the 
US (45, 51, 60, and between 80 and 86 days after planting). Photosynthetically active radiation (PAR) 
above the uppermost senesced leaves was measured once the canopy reached full canopy closure 
using a linear quantum sensor AccuPAR (Decagon Devices, Inc. Pullman, WA). Four measurements 
per plot were collected placing the sensor in an angle such that the ends of the sensor touched two 
planting rows. The average of these four measurements was utilized for statistical analyses. Light 
interception was estimated as the ratio between the PAR measured above the uppermost senesced 
leaf within the canopy and the incident PAR reported by the nearby weather station. Because light 
interception was measured four or five times during the experiment, linear regression was utilized to 
estimate daily light interception, which was used to estimate cumulative PAR. 
Photosynthetically active radiation (PAR) above the uppermost senesced leaves was 
measured once the canopy reached full canopy closure using a linear quantum sensor 
AccuPAR (Decagon Devices, Inc. Pullman, WA). Data were collected within 1 hour of solar 
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noon for every plot in all replications five times during the growth cycle in Chile (49, 56, 61, 
68 and between 80-90 days after planting) and four times in the US (45, 51, 60, and between 
80 and 86 days after planting). Four measurements per plot were collected placing the sensor 
at an angle such that the ends of the sensor touched two planting rows. The average of these 
four measurements was utilized for statistical analyses. Light interception was estimated as 
the ratio between the PAR measured above the uppermost senesced leaf within the canopy 
and the incident PAR reported by the nearby weather station. Because light interception was 
measured four or five times during the experiment, linear regression was utilized to estimate 
daily light interception, which was used to estimate cumulative intercepted PAR. 
 
Mass measurements and RUE calculation 
Mass was measured five times in Chile and four times in USA during the growing season concurrently 
with measurements of light interception. Plants within one square meter were harvested from two 
bordered planting rows at each sampling time and total sampled length within the row was used to 
calculate biomass per square meter.  Plants were cut at ground level, and whole plant samples were 
dried to constant weight at 70°C. Dry weight was expressed in grams per square meter. Radiation use 
efficiency was calculated as the slope of the regression between the cumulative mass and light 
interception (Sinclair and Muchow 1999). 
Statistical analysis 
The experimental design for both experiments was a randomized complete block, having replications 
blocked using prior information of soil spatial variability patterns. Hybrids were randomized within 
replications and three replications were included in each experiment. The data for cumulative 
intercepted solar radiation (ISR) and dry mass (DM, Yijklm) of location (E)i, hybrid (H)j, measurement 
date (M)k, row (r)l and column (c)m were modelled for each location as a function of an overall mean 
u, factors for hybrid, and two-way way interaction between hybrid and date, row and column within 
date and the residual ejklm, 
𝑌𝑗𝑘𝑙𝑚 = 𝑢 + 𝐻𝑗  + 𝑀𝑘 + (𝐻 × 𝑀)𝑗𝑘 + (𝑟/𝑀)𝑙𝑘 + (𝑐/𝑀)𝑚𝑘 + 𝑒𝑗𝑘𝑙𝑚 
where random effects are denoted with underbars and fixed effects without underbars. 
 A linear mixed model was used to estimate RUE for each hybrid in each location by modelling 
DMijklm as a function of an overall mean u, factors for location (E)i, hybrid (H)j, row (r)l and column 
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(c)m within location and a residual eijklm, a continuous covariate cumulative intercepted solar radiation 
(ISR), the two-way way interactions between location and ISR, hybrid and location, and hybrid by 
ISR, and the three-way interaction between location, hybrid and ISR, 
𝐷𝑀𝑖𝑗𝑘𝑙𝑚 = 𝑢 + 𝐸𝑖 + 𝐻𝑗  + 𝐼𝑆𝑅𝑘 + 𝐸𝑖 × 𝐼𝑆𝑅𝑘 + (𝐸 × 𝐻)𝑖𝑗 + (𝐻 × 𝐼𝑆𝑅)𝑗𝑘 + (𝐸 × 𝐻 × 𝐼𝑆𝑅)𝑖𝑗𝑘
+ (𝑟/𝐸)𝑙𝑖 + (𝑐/𝐸)𝑚𝑖 +  𝑒𝑖𝑗𝑘𝑙𝑚 
Random effects are denoted with underbars and fixed effects without underbars. The coefficient for 
ISR is formally the estimate for RUE across hybrids and locations. The term E × ISR describes the 
dependency of RUE estimated across hybrids on location, the term H × ISR formally describes the 
dependency of RUE for a hybrid estimated across locations, and the term E×H × ISR describes the 
dependency of RUE on hybrid and location. Variance components of random effects were estimated 
by residual maximum likelihood method. An F test was used to assess significance for fixed effects. 
Analyses were conducted with ASREML (Gilmour et al., 2009). Trends over year of 
commercialization release were tested for significance by linear regression (R Core Team, 2014). 
Results 
Light interception 
Hybrid variation in cumulative light interception was detected in both experiments (Table 3). In 
addition, a significant interaction was detected between hybrid and date of measurement in the USA 
experiment. This result indicates hybrid differences in the dynamics of light interception. However, 
inspection of the correlation matrix between dates across hybrids indicated that the magnitude of this 
behavior was extremely small. Correlation coefficients between dates for the USA ranged between 
0.98 and 0.99, and for Chile between 0.96 and 0.99. Because of these high correlations, predictions 
for all hybrids by locations for one measurement date are representative of the whole set. Figure 3.2 
shows best linear unbiased predictions for cumulative intercepted radiation for Chile and the US at 
61 and 60 days after planting respectively. Although predictions vary for each hybrid 
the trends with respect to year of commercialization release were not significant. 
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Figure 3.2 Best Linear Unbiased Predictions for cumulative intercepted radiation (MJ m-2) for Chile 
and USA at 61 and 60 days after planting (DAP) as a function of year of commercialization release, 
respectively. Trends in cumulative intercepted radiation with respect to year of commercialization 
release (MJ m-2 y-1) are not significant. 
 
Table 3.1 Variance components and standard errors (SE) for mass accumulation and cumulative 
intercepted solar radiation by date of measurement for the first four and three events in Chile and the 
USA, respectively 
Trait/Location Source  Component  SE  
Mass accumulation 
Chile     
Hybrid  0.003  --  
Hybrid × date  0.002  --  
error  20100  2270 * 
US     
Hybrid  537  517  
Hybrid × date  0.001 --  
error  8150  1050 * 
Cumulative intercepted solar radiation 
Chile     
Hybrid  18.9  9.73 * 
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Hybrid × date  7.98  5.68  
error  43.4  5.95 * 
US     
Hybrid  40.7  17.3 * 
Hybrid × date  17.7  7.83 * 
error  40  6.05 * 
* Indicates variance components that are equal to or greater than 1.5 times their SEs. 
 
Dry matter accumulation 
Hybrid variation in dry matter accumulation was not detectable in the Chile data and the magnitude 
of the variance component was virtually zero (Table 3.3). In contrast, the magnitude of the variance 
component estimated for the US using a statistical model with dates as factors was 537. But the 
magnitude of the error suggests absence of hybrid variation (Table 3.3). Figure 3.3 illustrates well 
the existence of hybrid × location interaction present in this experiment. While predictions for DM at 
61 days after planting are virtually constant for Chile, predictions for DM at 60 days after planting 
for the US increase with increasing year of commercialization release. The trend is significant for the 
US data (y= 259(±345) + 0.54(±0.17)x; P < 0.005), but not for the Chile data. This result suggests 
that there is hybrid variation in dry matter accumulation but the analyses did not have the power to 
detect it.   
29 
 
 
Figure 3.3 Best Linear Unbiased Predictions for dry matter accumulation (DM) in g m-2 for Chile and 
USA at 61 and 60 days after planting (DAP) as a function of year of commercialization release (YR), 
respectively. Linear regression model for USA data is y= 259(±345) + 0.54(±0.17)×YR. Trends in 
dry matter accumulation (g m-2 y-1) is significant for the USA (P < 0.005) but not for Chile. 
.  
Radiation use efficiency  
Radiation use efficiency varied between the locations. While RUE estimated for USA was 1.63±0.04 
(P<0.01), the RUE for Chile was 1.94±0.07 (P<0.01) g MJ-1. Both estimations compare well with 
others reported previously for maize (Kiniry et al., 1989; Sinclair and Muchow, 1999; Lindquist et 
al., 2005). It is unlikely that differences in temperatures may have caused these location differences. 
Because RUE increases with increasing mean temperature (Andrade et al., 1992; Andrade et al., 
1993), RUE estimated for USA should have been equal or higher than that calculated for Chile (Table 
3.2). However, an indirect effect of temperature is plausible via an increase in VPD (Stockle and 
Kiniry, 1990; Kiniry et al., 1998). The average VPD at noon for the period of measurement in USA 
was 2.93 kPa while the VPD for the same period in Chile was 2.57 kPa (Figure 3.1). These values 
were above 0.9 kPa, which is the minimum VPD above which RUE decreases with increasing VPD 
(Kiniry et al., 1998). Genotypic variation was detected but conditional to the location (Table 3.4). 
The variance component for hybrid × ISR interaction was small and virtually nonexistent when 
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compared with the hybrid × ISR interaction term (0.027). Figure 3.4 illustrates
 
Figure 3.4 Best Linear Unbiased Predictions for radiation use efficiency (g MJ-1) as a function of 
year of commercialization release estimated for Chile and USA. Trends in radiation use efficiency 
with respect to year of commercialization release (g MJ-1 y-1) are 0.003(±0.002) and 0.0057(±0.002) 
for Chile and USA, respectively. 
 
this differential genotypic variation between the two locations. Low variation in DM and ISR in Chile 
was associated with low variation in RUE and the opposite held for USA experiment (Figures 3.2, 
3.3, and 3.4). The significant and positive trend with respect of year of commercialization in DM in 
USA was the major underpinning of the significant trend calculated for RUE at 0.0057±0.002 
(P<0.05) g MJ-1y-1. This result further suggests that the genotypic variation estimated for DM is 
significant but it was not possible to detect it using a model that used date as a factor (Table 3.3). The 
trend for RUE calculated for Chile was not significant 0.003±0.002 (NS) g MJ-1y-1. The trend 
calculated for USA compares well with that calculated by Luque et al. (2006) for Argentinian semi-
flint germplasm. 
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Table 3.2 Variance components and standard errors (SE) for radiation use efficiency using a mixed 
linear model. Dry matter accumulation was modelled as a function of cumulative intercepted solar 
radiation (ISR). The slope of the linear model is the radiation use efficiency. The interaction hybrid 
× location × ISR, indicates that radiation use efficiency varies with location and hybrid. 
Source  Component  SE  
Hybrid 0.0019 --  
Hybrid × Location 0.0039 --  
Hybrid × ISR 0.0008 0.0088  
Hybrid × Location × ISR 0.0265 0.0120 * 
Residual 19134 1463 * 
* Indicates variance components that are equal to or greater than 1.5 times their SEs. 
 
Discussion 
The objective of this study was to answer a long standing question about the plausible role of leaf 
erectness and RUE on the widely reported yield improvement in the ERA maize hybrids (Duvick et 
al., 2004; Cooper et al., 2006; Smith et al., 2014). This study focused on SX breeding period during 
which both yield and leaf erectness changed at a rapid rate (Cooper et al, 2006). Two experiments 
were conducted in environments with high yield DM accumulation potential and were managed 
intensively to minimize biotic and abiotic stress. Measurements were taken during a period of 
maximum light interception and prior to the onset of N remobilization (Sinclair and Muchow, 1995; 
DeBruin et al., 2013) to minimize the effect of factors that may affect the estimation of RUE. 
Observed RUE values were among the highest reported in the literature (Sinclair and Muchow, 1999; 
Lindquist et al., 2005) demonstrates the effectiveness of the experimental approach.  This study 
demonstrates that (1) RUE increased as a consequence of selection for yield, (2) the expression of 
this change varied between locations, possibly associated with canopy conductance response to VPD, 
and (3) the magnitude of the change in RUE is sufficient to explain about 50% of the observed change 
in yield during SX breeding as estimated by Cooper et al. (2006). 
 
 
 
32 
 
RUE increased during single cross maize breeding 
This study provides evidence that RUE increased as a consequence of selection for yield in the last 
50+ years of SX maize breeding. Previous studies focused on characterizing changes in RUE in 
northern North American, tropical, and semi-flint Argentinian germplasm (Tollenaar and Aguilera, 
1992; Bolaños and Edmeades, 1993; Luque et al., 2006). Despite the difference in magnitudes and 
moment during the growth cycle when differences in RUE became apparent, there is agreement 
among studies that RUE, or other estimates of efficiency (Crosbie et al., 1978), underpin yield 
improvement in maize. The results are also in agreement with outcomes from simulation studies that 
predict yield improvement under well-watered conditions in response to increases in leaf erectness 
and RUE (Hammer et al., 2009; Messina et al., 2009; Messina et al., 2011). These predictions were 
based on a theoretical framework that links canopy architecture, light penetration, and leaf 
photosynthetic efficiency to predict canopy photosynthesis and RUE (Hammer and Wright, 1994; 
Duncan, 1971). 
Although the contribution of improved RUE to yield is hard to dispute, it is feasible to propose a 
companion hypothesis that involves the inseparable link between RUE, N and yield. While changes 
in leaf erectness may have improved light penetration and consequently RUE (Pendleton et al., 1968; 
Hammer and Wright, 1994), it may have also stimulated the retention of N stored in the lower leaves 
within the canopy (DeBruin et al., 2013), the N uptake pre-flowering (van Oosterom et al.,2010a), its 
maintenance during grain fill (Tollenaar and Aguilera, 1992; van Oosterom et al., 2010b) and finally 
yield. Following Sinclair and Sheehy (1999) and assuming that (1) specific leaf nitrogen is 1.8 g m-
2, (2) 65% of N in leaves is remobilized to kernels, and (3) kernels contain 0.8 g kg-1 of N (DeBruin 
et al., 2013), a leaf area index of 7.4 is required to produce 1600 g m-2 of grain yield. In the absence 
of improved light penetration within the canopy, it is unlikely that a maize crop has the ability to 
maintain pre-flowering specific leaf nitrogen above the critical value of 1.8 g m-2 (DeBruin et al., 
2013) in order to support kernel growth. In conclusion, the changes in RUE are interpreted as both a 
cause of yield improvement but also the manifestation of high N uptake pre-flowering that contribute 
to stay green phenotype (Duvick et al., 2004), and it is required to support high growth rates and 
yield. 
 
RUE improvement due to stress tolerance: A hypothesis  
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Genetic yield gain in maize has been associated with the improvement of maize tolerance to stresses 
that often occur in the TPE and to the improvement of resource use efficiencies (Duvick et al., 2004). 
The results presented in this study suggest that this dichotomy may not be such, and the tolerance to 
stress occur at the physiological level, in this case in the radiation use efficiency. The stresses causing 
variation in the expression of differences underpinning the trends in RUE between Chile and the USA 
were not identified. The difference in VPD between the two locations, the high radiation levels at 
both locations, and the negative effect of VPD on RUE (Stockle and Kiniry, 1990; Kiniry et al., 1998) 
suggest that the combination of high radiation and VPD compromised the expression of high RUE, 
and that the magnitude of the reduction could be linked to leaf erectness. Whigham (1971) reported 
that corn leaves tied in upright position showed delayed symptoms of wilting and cooler leaf 
temperature than leaves laying in flat position on high demand days. Barker et al. (2005) reported a 
negative correlation between year of commercial release and canopy temperature in a sequence of 18 
ERA hybrids, and attributed this result to the lower radiation intensity on the more upright leaves of 
modern hybrids. A working hypothesis states that genetic improvement of RUE is due in part to 
improved leaf longevity caused by leaf erectness, decreased radiation load and lower canopy 
temperature, and improved leaf water status.  
 
Perspectives for genetic improvement 
During SX breeding period, yields measured in experiments conducted in the absence of water 
limitations increased at a rate of 9.7 g m-2 yr-1 (Cooper et al., 2006). Under this experimental condition 
it is feasible to grow a crop that yields 1800 g m-2. Provided that the harvest index has virtually not 
changed at optimal plant population for the hybrid (Duvick et al., 2004), it is necessary for a crop to 
intercept 2057 MJ m-2 during the growth cycle in order to produce such yield. However, even in 
highly managed production systems, it is anticipated that RUE decreases during grain filling. 
Assuming everything else constant but RUE, and that the RUE during grain fill is 0.75 the value for 
the vegetative period (Sinclair and Muchow, 1995), a trend in RUE equal to 0.0057 g MJ-1y-1 
translates into a trend of 5 g m-2 y-1 in yield. This value is roughly 50% of the observed trend in yield. 
This calculation suggest that RUE was a major physiological process contributing to genetic 
improvement for maize yield. 
The magnitude of this result can motivate the question about future opportunities to continue 
improving RUE. A simple target for improvement could be the average RUE measured in Chile under 
low stress conditions, or to consider the RUE calculated for a hybrid which performance was equally 
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high in Chile and the US. Either case suggests an RUE target around 2 g MJ-1. The RUE gap estimated 
using the maximum RUE reported in the literature is about 0.15 g MJ-1, which translates into 304 g 
m-2 or 19% yield improvement relative to high yield levels in the central US corn belt. This hypothesis 
could be tested within active breeding programs. 
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Chapter 4 Soil Water Capture Trends over 50 years of Single Cross Maize (Zea 
mays L.) Breeding in the U.S. Corn Belt. 
Abstract 
 
Breeders have successfully improved maize (Zea mays L.) grain yield for the conditions of the U.S. 
corn-belt over the past 80 years, with the past 50 years utilizing single-cross hybrids. Long-term 
improvement for grain yield under water-limited conditions has also been reported. Grain yield under 
water limited conditions depends on water use, water use efficiency and harvest index. It has been 
hypothesized that long-term genetic gain for yield could be due, in part, to increased water capture 
from the soil. We tested this hypothesis using a set of elite single-cross hybrids that were released by 
DuPont-Pioneer between 1963 and 2009. Eighteen hybrids were grown in the field during 2010 and 
2011 growing seasons at Woodland, CA. Crops grew predominantly on stored soil water and drought 
stress increased as the season progressed. Soil water content was measured to 300 cm depth 
throughout the growing season. Significant water extraction occurred to a depth of 240 – 300 cm and 
seasonal water use was calculated from the change in soil water over this rooting zone. Grain yield 
increased significantly with year-of-commercialization, but no such trend was observed for total 
water extraction. Therefore, the measured genetic gain for yield for the period represented by this set 
of hybrids must be related to either increased efficiency of water use or increased carbon partitioning 
to the grain, rather than increased soil water uptake. 
 
Introduction 
 
Maize yield in the U.S. Corn-Belt has increased steadily for over 80+ years and doubled between 
1965 and 2010 (Smith et al., 2014). Improvements in germplasm, agronomic practices and cropping 
systems intensification contributed to these sustained yield gains. The long-term genetic gain in maize 
yield for the conditions of the U.S. corn-belt over the past 80 years was demonstrated by quantifying 
the productivity of successful hybrids commercialized over eight decades; these hybrids are known 
as the ERA hybrids (Campos et al., 2006; Cooper et al., 2014; Duvick, 2005; Duvick et al., 2004). 
Results from these ERA studies highlighted the dependency of yield genetic gain on plant population, 
reduction of the interval between anthesis and silking (anthesis-silking interval, ASI), decrease in the 
number of plants that do not set ears under high plant densities, and limited change in harvest index 
(HI) (Duvick et al., 2004). When these results are considered together and analysed in the context of 
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the negative association between grain yield and ASI (Campos et al., 2004), which is an indicator of 
increased ear growth rate and resource availability per ovule (Edmeades et al., 1993), they lead to the 
hypothesis that genetic gain was determined by an increased stress tolerance and resource allocation 
to reproductive organs (Duvick, 2005). This hypothesis was evaluated with tropical germplasm 
selected for improved drought tolerance (Bolaños and Edmeades, 1993; Edmeades et al., 1999), and 
Argentinian flint and semi-dent hybrids (Echarte et al., 2000; Luque et al., 2006), but still remains to 
be evaluated for U.S. temperate maize. 
The correlated response of genetic gain for yield in the U.S. between well-watered and drought 
environments, and the selection in a target population of environments where biotic and abiotic 
challenges including drought are frequent, suggest that multiple physiological mechanisms 
contributed to the observed genetic improvement of yield (Cooper et al., 2014; Duvick, 2005). It is 
plausible that the reduction in ASI and the apparent increase in carbohydrate allocation to 
reproductive organs could result at least in part from improved plant, kernel and ovule water status. 
The reduction in ASI as determined by early silk emergence rather than late shedding (Welcker et al., 
2007), the high sensitivity of silks to water deficit (Westgate and Boyer, 1985), the high correlation 
between silk emergence and kernel set (Schussler and Westgate, 1994) and the absence of changes 
with selection in total biomass in tropical germplasm (Edmeades et al., 1999), provide evidence to 
support this interpretation. Results from a simulation study conducted to consider the roles of leaf 
and root architecture in light and water capture helped formulate the hypothesis that changes in root 
architecture associated with improved soil occupancy and water capture could be a process 
underpinning the observed hybrid by density interactions in historical maize yield improvement in 
the United States (Hammer et al., 2009). The onset of accelerated yield improvement under drought 
stress conditions that coincides with the initiation of single cross hybrids (SX) breeding in the 1960’s 
(Cooper et al., 2006), changes in root architecture (York et al., 2015) and reduction in canopy 
temperature (Barker et al., 2005) with year of commercialization, and the contrast between water 
uptake patterns between single and double cross hybrids (Campos et al., 2004) supports the 
hypothesis that the observed trend in yield during SX breeding could be associated at least in part 
with an increased water capture. 
The objective of this study was to test the hypothesis that water capture increased as the result of 
selection for yield in single cross hybrids in the U.S. Corn Belt and that this process underpinned at 
least in part the genetic improvement in grain yield under drought stress. The results from this study 
can inform the design of breeding strategies that are aimed at developing germplasm that fully utilizes 
available water resources. 
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Materials and Methods 
 
Field experiments 
Two field experiments were conducted in 2010 and 2011 at a DuPont Pioneer experiment station 
located six kilometres west of Woodland, CA, USA. Eighteen ERA hybrids commercialized between 
1963 and 2009 (Table 4.1) were planted in a Yolo Silt Loam  (Fine-silty, mixed, superactive, nonacid, 
thermic Mollic Xerofluvents) (Andrews, 1972). The hybrids included in this study represented the 
single cross hybrids that have previously been included in long-term genetic gain experiments for 
maize in the U.S. corn-belt (Duvick et al.  2004; Smith et al. 2014). They represent a historical 
sequence of hybrids that were widely adopted by growers following their commercial release. 
Experimental evaluations under a range of water-limited environments, through use of managed 
drought environments at low rainfall locations, have demonstrated that this set of hybrids 
demonstrated genetic gain for both water-limited environments and high-input environments (Cooper 
et al. 2014). 
 
Table 4.1  
Table 4.1 Single cross maize hybrids included in experiments conducted in 2010 and 2011 and their 
year of commercial release. Soil water use was measured on all hybrids, except as indicated. 
Hybrid Year Hybrid Year 
3306 1963 3489 a 1994 
3334 1969 3335 a 1995 
3366 c 1972 33P66 b 1999 
3541 b 1975 34G81 c 1997 
3377 1982 34H31 b 2002 
3475 1984 33D11 a 2005 
3379a 1988 33D49 2008 
3394 1991 35F40 2007 
3378 c 1983 33W82 c 2009 
a soil water measured only in 2010 
b soil water measured only in 2011 
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c soil water was not measured in this hybrid 
 
The experiments were machine planted in two-row plots of 4.5 m long with 0.76 m spacing between 
rows. Plots within planting rows were separated by a 0.60 m alley and between planting rows by 0.76 
m. Borders were removed by hand to an alleys length of 60 cm. Planting dates were 30 April 2010 
and 24 April 2011. Plant stands were thinned to 9 plants per square meter after establishment. 
Nitrogen applications were 20.2 g m-2 and 13.5 g m-2 of N in 2010 and 2011, respectively. Weeds 
were effectively controlled using 2-chloro-4-ethylamino-6-isopropylamino-s-triazine and S-
metolachlor, mites and insects were effectively controlled using 2-oxo-3-(2,4,6-trimethylphenyl)-1-
oxaspiro[4.4]non-3-en-4-yl 3,3-dimethylbutanoate and 3-Bromo-N-[4-chloro-2-methyl-6-
[(methylamino)carbonyl]phenyl]-1-(3-chloro-2-pyridinyl)-1H-pyrazole-5-carboxamide. 
Weather variables were from the Esparto weather station located near the experiment site and 
maintained by the California irrigation management information system 
(http://www.cimis.water.ca.gov/WSNReportCriteria.aspx).  Cumulative precipitation between April 
and September was 97.1 mm and 67.3 mm in 2010 and 2011, respectively (Table 4.2), whereas total 
potential evapotranspiration for the same period was 1069 mm in 2010 and 984 mm in 2011. 
Supplemental irrigation was applied through a buried drip tape to promote good stand establishment, 
incorporation of fertilizer, and to mitigate heat stress at flowering time (Table 4.2). Days with 
temperatures greater than 40 °C during one month bracketing flowering were 7 in 2010 and 0 in 2011.   
 
Table 4.2 Environment summary for 2010 and 2011 growing seasons. Data are from the Esparto 
weather station, maintained by the California irrigation management and information system, located 
near the experiment site. 
 Mean solar 
Radiation 
Mean 
temperature 
Rainfall Irrigation 
 2010 2011 2010 2011 2010 2011 2010 2011 
 ----- W m-2---- ------ °C ------ ----- mm ---- ----- mm ---- 
April 242 284 14.3 15.7 72.3 2.4  25.4 
May 293 312 17.9 17.3 24.3 27.8 12.7 25.5 
June 346 300 24.1 22.2 0.5 34.8 12.7 12.7 
July 364 312 25.4 25.6 0 1.4 25.4 44.5 
August 342 259 24.1 25.0 0 0  12.7 
September 275 209 24.3 25.8 0 0.9   
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Phenotypic measurements 
Phenotypic data on silk emergence and pollen shed were collected daily for a period of three weeks. 
Silking and shedding dates were determined when 50% of the plants in a plot exhibited at least one 
visible silk, or were shedding pollen, respectively. Thermal times to dates of silking and shedding 
were calculated using daily average temperature, a base temperature of 10°C, and optimum 
temperature of 30°C (Gilmore and Rogers, 1958). ASI was calculated as the difference between the 
thermal time to shedding and silking. Grain yield was measured using a New Holland automated 
research plot combine TR series (CNH Global, Burr Ridge, IL, USA) and adjusted to 0.15 g g-1 
moisture. 
Soil moisture measurements were collected using a Time Domain Reflectometer (TDR) sensor model 
Trime T3-50 TAP (IMKO, Ettlingen, Germany). The instrument was calibrated by IMKO and 
corrected by bulk density measured in the fields (1.37-1.58 g cm-3). The accuracy of the TDR 
instrument used in this study was 0.02 cm3 cm-3 for an area of measurement of 180 mm x 150 mm. 
One three meter long access tube per plot was installed between the rows in the centre of each 2-row 
plot when plants reached the two expanded leaves stage (V2). Images of root distribution profiles 
from excavations conducted to a depth of 1.7 m at physiological maturity and to a depth of 1.5 m at 
flowering time in experiments conducted at two locations, Viluco, Chile and Woodland, California, 
respectively, indicated that roots for a given genotype did not cross between 2-row plots (images not 
shown). This observed root distribution pattern limits the plausible intermingling of roots close to the 
access tube, which is placed 1.14 m from the nearest planting row for a different genotype. Similar 
root architecture in maize, with nodal roots growing at an angle and then turning vertical was 
observed in other studies (Tardieu and Pellerin, 1990; Ješko, 1992). Plant stands were uniform and 
no gaps were observed near the access tubes.  
Table 4.1 indicates the hybrids for which soil moisture was measured. Fifteen measurements per tube 
were taken every 20 cm between 23 June and 20 September in 2010, and from 2 May to 18 August 
in 2011. Data were collected in 11 days in 2010 and in 10 days in 2011. Water use at each layer was 
calculated as the difference between the first and the last measurement. Total water use was calculated 
by integrating soil water use across the soil column and adding irrigation amounts applied during the 
period of measurement. Rainfall amounts during this period (Table 4.2) had limited effect on total 
water use. 
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Statistical analysis 
The experiment was conducted as a randomized incomplete block design, with the factor hybrid 
randomized within replications, which were blocked to account for field variability. Experiments 
included four replications in 2010 and three replications in 2011. Formally, the data for flowering, 
yield, and ASI (Yijk) of year (E) i, hybrid (H) j, block (B) k within year, were modelled as a function 
of an overall mean u, factors for year, hybrid, and two-way way interaction between hybrid and year, 
block within year and the residual eijk, 
 
𝑌𝑖𝑗𝑘 = 𝑢 +  𝐸𝑖 + 𝐻𝑗 + (𝐸 × 𝐻)𝑖𝑗 + (𝐵/𝐸)𝑖𝑘 +  𝑒𝑖𝑗𝑘 
 
where random effects were denoted with underbars and fixed effects without underbars. Data for soil 
moisture (Yijklm) of depth (D) i, year (E) j, date (G) k, hybrid (H) l, and block (B) m were modelled as 
a function of an overall mean u, factors for depth, year, date, hybrid, block within year, two-way 
interactions depth by year, depth by date, depth by hybrid, year by hybrid, date by hybrid, depth by 
block within year, hybrid by block within year, three-way interactions depth by year by hybrid, depth 
by date by hybrid, and depth by hybrid by block within year; and a residual eijklm, 
 
𝑌𝑖𝑗𝑘𝑙𝑚 = 𝑢 +  𝐷𝑖 + 𝐸𝑗 + 𝐺𝑘 + 𝐻𝑙 + (𝐵/𝐸)𝑗𝑚+ (𝐷 × 𝐸)𝑖𝑗 + (𝐷 × 𝐺)𝑖𝑘 + (𝐷 × 𝐻)𝑖𝑙 + (𝐸 × 𝐻)𝑗𝑙
+ (𝐺 × 𝐻)𝑘𝑙 + (𝐷 × 𝐵/𝐸)𝑖𝑗𝑚 + (𝐻 × 𝐵/𝐸)𝑗𝑙𝑚 + (𝐷 × 𝐸 × 𝐻)𝑖𝑗𝑙 + (𝐷 × 𝐺 × 𝐻)𝑖𝑘𝑙
+ (𝐷 × 𝐻 × 𝐵/𝐸)𝑖𝑗𝑙𝑚 + 𝑒𝑖𝑗𝑘𝑙𝑚 
 
where random effects were denoted with underbars and fixed effects without underbars. Variance 
components of random effects were estimated by residual maximum likelihood method. An F test 
was used to assess significance for fixed effects. Analyses were conducted with ASREML (Gilmour 
et al., 2009). Trends over year of release were tested for significance by linear regression (R Core 
Team, 2014). 
 
Results 
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Phenology, Yield and ASI  
Significant differences among hybrids in thermal time to shedding were observed in both 2010 and 
2011 experiments (Table 4.3). However, trends for thermal time to shedding with respect to year of 
commercialization were not significant with regression slope (standard error) values -1.5 (±0.89) and 
-0.76 (±0.75) °C yr-1 in 2010 and 2011, respectively. 
Drought stress treatments were effective in reducing yields in both the 2010 and 2011 field 
experiments. Average yield in the experiment conducted in 2011 was significantly higher than that 
observed in 2010 (677 vs. 317 g m-2; P<0.001), and both markedly lower than yields close to 1400 g 
m-2 reported for favourable conditions at this location (Cooper et al., 2014). Average ASI was 154 
°C and 175 °C for experiments conducted in 2011 and 2010, respectively. These positive values for 
ASI indicate that drought treatments affected reproductive development around flowering time and 
further demonstrate effective imposition of drought in these experiments. 
 
Table 4.3 Variance components and standard errors (se) for hybrid, experiment year, and interactions 
on grain yield, anthesis-silking interval (ASI), and time to shedding. Experiment year, hybrid, and 
block were included in the model as random sources of variation. Variance components that are equal 
to or greater than 1.5 times their standard errors are indicated with an asterisk. 
Source Yield  ASI  Shedding  
 component se component se Component se 
hybrid 7789* 5193 2051* 892 29.4* 11.3 
Year x hybrid 7213* 4243 2590 3238 4.3* 2.5 
Block year 1 3835 3835 0  0.8 0.8 
Block year 2 2894 4134 0  0.6 1 
residual 13446* 2241 1096* 186 3.8* 0.7 
 
Hybrid variation was observed for both yield and ASI in both experiments (Table 4.3) and this was 
associated with year of commercialization (Fig. 4.1). In agreement with prior studies, yield under 
stress increased with later year of commercialization and ASI showed the opposite pattern (Bolaños 
and Edmeades, 1993, 1996; Campos et al., 2006). Yield under stress doubled between hybrids 
commercialized in 1963 and 2009. Estimated trends with respect to year of commercialization were 
4.1(±0.95) (P<0.001) and 8.1(±1.1) (P<0.001) g m-2 yr-1 for yield in 2010 and 2011, respectively, and 
-2.2(±0.6) (P<0.01) and -1.7(±0.8) (P=0.078) °C yr-1 for ASI in 2010 and 2011, respectively. Because 
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the high plant population may have been supra-optimal for the first cohort of SX hybrids, the trends 
in ASI may have been overestimated. 
 
Figure 4.4.1 Best Linear Unbiased Predictions for yield (a) and anthesis-silking interval (b) for 2010 
and 2011 experiments for hybrids commercialized between 1963 and 2009. The standard error of the 
difference between hybrids is 62 for yield and 22.8 for ASI. Dotted lines represent least square 
regression lines.  Trends with respect to year of commercialization for yield were 4.1(±0.95) 
(P<0.001) g m-2 yr-1 for 2010 and 8.1(±1.1) (P<0.001) g m-2 yr-1 for 2011. Trends for anthesis-
silking interval (ASI) were -2.2(±0.6) (P<0.01) and -1.7(±0.8) (P=0.078) °C yr-1 for ASI in 2010 and 
2011, respectively. 
Temporal patterns of water extraction 
The irrigation treatments resulted in a flowering stress followed by a grain filling and terminal stress 
during both years. In both experiments, soil moisture started to decline around 50 days after planting 
(Fig. 4.2), which was around 26 days prior to anthesis. Soil water declined gradually until maturity, 
when the crop was harvested (Fig. 4.2; Table 4.4).  
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Figure 4.4.2 Best Linear Unbiased Predictions for total soil water content across hybrids for 2010 and 
2011 experiments. Total soil water content is estimated by multiplying mean volumetric soil moisture 
and the soil depth (300 cm). The standard error of the difference between dates is 18.2 mm. Flowering 
time indicated by triangles, 71 and 73 days after planting for 2010 and 2011, respectively. 
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Table 4.4 Variance components and standard error (se) for experiment year, date of measurement, 
hybrid, depth, block and interactions on volumetric soil moisture. Experiment year, date of 
measurement, hybrid, and block were included in the model as random sources of variation. Variance 
components that are equal to or greater than 1.5 times their standard errors are indicated with an 
asterisk. 
Source Component se 
Year 1.14 2.37 
block x year 0.09 0.11 
Hybrid 0.14 0.13 
Date 3.91* 1.48 
hybrid x year 0.00 - 
depth x year 0.00 0.12 
hybrid x block x year 0.53* 0.15 
depth x year x block 0.08* 0.05 
hybrid x depth 0.06 0.06 
hybrid x date 0.05* 0.01 
depth x date 2.19* 0.22 
depth x hybrid x year 0.00 - 
depth x hybrid x year x block 1.88* 0.11 
hybrid x depth x date 0.00 - 
error  0.91* 0.02 
 
 
As the growing season progressed, soil water was extracted from increasingly deeper soil layers (Fig. 
4.3). The patterns of variation with date and depth were significantly different between years as 
indicated by the significant date by depth interaction variance component (Table 4.4). While in 2010 
a clear soil water uptake front was observed progressing with depth across dates, in 2011 variation in 
soil water content was concentrated in the upper soil layers early in the growing season with a shift 
towards water use from the deeper soil layers post-flowering (Fig. 4.3). Significant soil water uptake 
was observed down to 2.4 m in 2010 and 3.0 m in 2011 (Fig. 4.3). These observations showed water 
uptake in soil layers deeper than prior reports for maize grown in the U.S. Plains (Norwood, 2001; 
Payero et al., 2006; Tolk et al., 1998) and in an Argentinian silty loam Haplustoll (Dardanelli et al., 
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1997). A significant variance component for hybrid by date interaction was observed for volumetric 
soil water content, but it was small relative to variance component for date (Table 4.4). 
 
Figure 4.4.3 Best Linear Unbiased Predictions for soil water content across hybrids by soil depth for 
different days after planting for the 2010 and 2011 experiments. Lines indicate different measurement 
days. The standard error of the difference between measurements is 0.75%. 
Water uptake did not change during SX breeding 
Water uptake was estimated as the difference between the Best Linear Unbiased Predictions for soil 
moisture content at the first and the last measurements, with the addition of irrigation amounts. Figure 
4.4 shows that total water use varied between years but not among hybrids. This result is consistent 
with the analysis of variance for soil moisture content (Table 4.4) that indicated absence or inability 
to detect a significant effect of hybrid on soil moisture content. 
Total soil water use was greater in 2011 than in 2010 (Fig. 4.4), which was consistent with greater 
yields observed in 2011 relative to 2010 (Fig. 4.1). Variation between years in total soil water use 
was determined by differences in post-flowering water uptake (Fig. 4.2). At anthesis (approximately 
71 and 73 days after planting in 2010 and 2011, respectively), water extraction was observed down 
to 1.8 m in 2010 and 1.6 m in 2011 (Fig. 4.3). Total soil moisture estimated at the time of anthesis 
was 862 and 857 mm in 2010 and 2011, respectively. Higher irrigation applied in 2011 than in 2010 
(Table 4.2) may have contributed to maintenance of leaf area, delayed senescence and the observed 
higher post-flowering water use in 2011 than in 2010. 
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Figure 4.4.4 Soil water use of each hybrid over the measurement period versus year of hybrid 
commercialization for the 2010 and 2011 experiments. Soil water use was estimated as the difference 
between the Best Linear Unbiased Predictions for the first and last soil moisture measurements by 
hybrid and experiment year and including irrigation quantities.  Trends with respect to year of 
commercialization for soil water use were 0.04(±0.19) (P=0.85) mm yr-1 for 2010 and 0.016(±0.21) 
(P=0.94) mm yr-1 for 2011. 
In addition to not differing in their total water use, hybrids did not differ significantly in post-anthesis 
water use (Fig. 4.5). Estimated trends with respect to year of commercialization were 0.28 (±0.14) 
(P=0.078) and 0.09(±0.27) (P=0.76) mm yr-1 for post-anthesis water use in 2010 and 2011, 
respectively. This indicates that differences in timing of water use in relation to crop development 
were also not associated with year of commercialization during the period of SX breeding. 
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Figure 4.4.5 Soil water use post-anthesis of each hybrid versus year of hybrid commercialization for 
the 2010 and 2011 experiments. Soil water use was estimated as the difference between the Best 
Linear Unbiased Predictions for the last soil moisture measurement and the estimated soil moisture 
content at flowering time by hybrid and experiment year and including irrigation quantities. Soil 
moisture at anthesis for each hybrid was estimated by linear interpolation between the two Best Linear 
Unbiased Predictions for soil moisture bracketing the anthesis date. Trends with respect to year of 
commercialization for soil water use post-anthesis were 0.28 (±0.14) (P=0.078) mm yr-1 for 2010 and 
0.09(±0.27) (P=0.76) mm yr-1 for 2011. 
 
Discussion 
 
This study tested the hypothesis that yield improvement as evidenced within the ERA hybrid studies 
was caused at least in part by increased water uptake. The imposed levels of drought stress reduced 
yields to about 25% or less of yield attainable under favourable conditions. It also enabled 
measurement of soil water uptake in a terminal drought pattern that forced rooting to express the 
crop’s ability to extract water from deep soil layers (Tinker, 1976). The observed trends for the rate 
of gain in yield with year of commercialization (4-8 g m-2 yr-1) compared well with prior estimates 
for comparable yield levels and drought stress treatment (Campos et al., 2006; Cooper et al., 2014). 
A negative correlation between ASI and yield was also demonstrated as well as an overall positive 
ASI, which indicated that drought treatments affected reproductive development around flowering 
time (Bolaños and Edmeades, 1993, 1996; Campos et al., 2004; Edmeades et al., 1993).  
Soil water extraction, however, remained constant across hybrids with no indication of changes 
related to year of hybrid commercialization. This fundamental result leads to the conclusion that over 
51 
 
the period of SX breeding, total water uptake cannot explain the observed yield increase. Results do 
not rule out, however, that changes in water uptake could have occurred prior to the SX breeding era. 
The results therefore imply that the physiological underpinning of genetic improvement of yield 
during this period of SX breeding could be related to an increased allocation of biomass to the ear 
(Lafitte and Edmeades, 1995), perhaps at the expense of partitioning of biomass to root systems with 
the consequential improvement in root system efficiency (Bolaños et al., 1993), maintenance of silk 
water status (Schoper et al., 1987), sugar metabolism and flux (McLaughlin and Boyer, 2004;), or 
efficiency of conversion of resources (Passioura, 1983).    
 
Constant water capture over the period of SX breeding  
A fundamental result in this study is the demonstration that total soil water capture remained constant 
during the ~50 year period of SX breeding and was unrelated to year of hybrid commercialization. 
This result for U.S. temperate maize complements prior findings for tropical (Bolaños et al., 1993) 
and Argentinian germplasm (Nagore et al., 2014). No differences were detected among eight cycles 
of selection of ‘Tuxpeño Sequia’ in seasonal profiles of water content down to 1.4 m (Bolaños et al., 
1993). Similarly, water capture did not differ among three single cross Argentinian hybrids 
commercialized between 1980 and 2004, which was evident from non-significant differences in 
seasonal evapotranspiration, water use efficiency and biomass production (Nagore et al., 2014). In 
this latter study, significant differences in soil moisture content were detected around flowering time. 
Genotypic variation in pattern of water use in maize was also shown for temperate maize (Cooper et 
al., 2014). Similarly, a significant hybrid by date interaction was observed in the present study (Table 
4.4). However, the magnitude of the variance component for date by hybrid was two orders of 
magnitude lower than the variance component for date suggesting that differences in the pattern of 
water use has not played a determinant role on pattern of yield gain as measured by association with 
year of commercialization. In addition, estimated trends in post-anthesis and total water use with 
respect to year of commercialization were not significant. The combined results from these studies 
thus provide strong evidence to reject the hypothesis that the observed long term yield improvements 
achieved over the period of SX breeding were driven by increased water capture or the temporal 
pattern of water use through the crop life cycle. 
The hypothesis postulated by Hammer et al. (2009) may still explain a component of the observed 
yield gain within the period of double cross breeding. Between 1930 and 1970 there was a significant 
shift in root system architecture as inferred from root stability scores ( Duvick et al., 2004). A negative 
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association between root mass and pulling resistance (Bolaños et al., 1993) suggests that root stability, 
mass and water capture may have all increased during this double cross era of breeding. 
 
Water productivity increased since 1960 
The corollary to the lack of association between yield improvement and water use is that genetic 
improvement for maize yield in the U.S. Corn Belt increased water productivity for yield between 
0.018 and 0.013 g mm-1 yr-1. A simple identity (Passioura, 1983),  
 
Yield = Water Use x Transpiration Efficiency x Harvest Index,  
 
can be used to estimate grain yield. In the absence of changes in water use with year of 
commercialization, and assuming changes in transpiration efficiency within the set of ERA hybrids 
included in this study were negligible, which is supported by experimental evidence from studies on 
Argentinean hybrids (Nagore et al., 2014) and sweet corn varieties (Bunce, 2011), the observed 
variation in yield must be related to changes in harvest index under stress. An increase in harvest 
index could be due to effects of selection on reproductive resilience and biomass allocation to the ear 
at expense of root systems, similar to observed changes in tropical maize (Bolaños and Edmeades, 
1993; Bolaños et al., 1993; Lafitte and Edmeades, 1995) and Argentinian semi-flints (Echarte et al., 
2000). 
 
Implications for genetic improvement 
Breeding trajectories for complex traits in rugged yield-trait landscapes are anything but simple 
(Hammer et al., 2006; Messina et al., 2011). Tradeoffs among adaptive traits, frequency of 
environment types, structure of breeding programs, and access to genetic diversity among other 
factors, determine the direction and rate of observed change in genetic gain. Long term simulation 
studies demonstrate a diversity of plausible breeding trajectories for a given environment-crop-
breeding system with physiological traits changing in overlapping sequences and in a non-linear 
manner (Messina et al., 2011). When placed in the context of long term selection (Duvick et al., 
2004), this study focused on a relatively short time span of breeding. As such, and in the context of 
rugged yield-trait landscapes, it is conceivable that current observations on water capture showed a 
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transient plateau. Prior to SX breeding, selection for improved yield stability and reduced root lodging 
(Cooper et al., 2006) could have increased the ability of maize to capture water resources, as 
suggested by the hybrid water use results reported by Campos et al. (2004). During SX breeding, 
selection operated to realize an intrinsic water capture and yield potential attained during double-
cross breeding but limited by the susceptibility of maize reproductive physiology to stress. Further 
increase in this potential will have to rely on improvements in either resource use efficiencies or in 
water capture. Thus, it is opportune to evaluate the feasibility to design root systems with improved 
water capture beyond current levels, which can improve plant water status in the three weeks around 
flowering time. Simulation studies for drought prone environments and for the central U.S. Corn Belt 
indicate that changes in root occupancy can increase yields (Hammer et al., 2009; Messina et al., 
2009; Messina et al., 2011). However, meaningful phenotyping of root systems architecture is poorly 
defined in maize. Despite changes in root architecture in the last 100 years (York et al., 2015), the 
results of the present study indicated that potential water capture remained constant over the period 
of breeding represented by the sequence of hybrids, which questions the value of these traits as 
predictors of increasing water resource capture and their value to inform selection decisions. 
Modelling approaches are being evaluated to understand root form and function effects on whole 
plant water status (Draye et al., 2010; Leitner et al., 2014). Application of modelling and meaningful 
phenotyping proved useful to inform breeding approaches for sorghum and wheat in Australia 
(Kirkegaard et al., 2007; Manschadi et al., 2008; Manschadi et al., 2006; Singh et al., 2012). It is 
anticipated that integration of modelling technologies, field and controlled environment phenotyping, 
and genetic studies in maize will bring opportunities to develop improved and more stable germplasm 
that fully utilizes available soil water resources. 
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Chapter 5  Transpiration Efficiency in Single Cross Maize Hybrids released 
between 1963 and 2008  
Abstract 
Maize yield has increased constantly since the introduction of single cross (SX) hybrids in the 1960’s 
and this increase has been associated with increased tolerance to high plant population and abiotic 
stress. Based on the proposed framework where yield is function of resource capture, resource use 
efficiency and harvest index, the objective of this study was to determine whether historic increases 
in grain yield for single cross hybrids that have been released between 1963 and 2008 could be 
associated with gradual changes in transpiration efficiency (TE).  Two lysimeter experiments were 
conducted in a shadehouse at Gatton, eastern Australia, in the summers of 2011/12 and 2012/13. Each 
experiment included seven SX hybrids, and a total of 11 SX hybrids were included across the two 
experiments. Significant variance was observed for TE between the two experiments, but no 
significant differences were observed amongst the SX hybrids. Combined with results from previous 
experiments, which indicated no effect of year of commercialization on water use in the field, this 
lack of genotypic difference in TE indicates that it is unlikely that changes in water capture and use 
efficiency have contributed to the steady increase in yield of maize in the corn belt of the US.   
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Introduction 
Genetic gains in maize grain yield in the US Corn Belt have been widely documented by studying 
the performance of successful hybrids commercialized since the introduction of maize hybrids in the 
mid 1920’s until recent years (Duvick 1977; Duvick, Smith et al. 2004). These hybrids are known as 
the ERA hybrids and have been used to provide evidence of long-term yield increases under water-
limited conditions in the US corn belt, along with secondary traits displaying positive or negative 
relations with yield trends over years. Among the most relevant traits related to increases in yield are 
the reduction in anthesis-silking interval (ASI) and an increase in number of plants with ears under 
high plant density, resulting in a greater number of kernels per unit of area. All these changes are 
dependent on plant density, which has increased with time, and with a minimal change in harvest 
index (HI) when measured per plant. It has been proposed that the observed genetic gain is related to 
increased tolerance to abiotic stress and increased resource partitioning to the reproductive organs, 
which would improve their carbon and water status during the critical period around flowering 
(Tollenaar and Lee 2006; Hammer, Dong et al. 2009).  
In the framework proposed by Passioura (1983) and Passioura and Angus (2010), yield production is 
a function of total transpiration (T, unit of water transpired by the crop), transpiration efficiency (TE, 
amount of biomass produced per unit of water used), and HI. Previous results indicated that total T 
is unlikely to have been the cause of the increased long-term grain yield. However, the potential role 
of TE is not yet clear. Significant genotypic differences in TE have been reported for C4 species like 
sorghum (Hammer et al., 1997; Henderson et al., 1998; Mortlock and Hammer, 1999; Xin et al., 
2009). Evidence that changes in stomatal conductance have resulted in increased TE as the crop 
adapted to drought stress is available for wheat, rice (Fisher et al.,1998; Jiang et al., 2003, Wang et 
al., 2005; Horie et al., 2006) and pearl millet (Kholová et al., 2010b). For maize, in contrast, no 
genotypic differences in TE were reported by van Oosterom et al. (2016) for a range of elite modern 
hybrids. However, increased grain yield and adaptation to drought stress over the past decades could 
have been a consequence of increased TE of modern hybrids compared with older hybrids. Therefore, 
the objective of this research was to determine whether historic increases in grain yield for single 
cross hybrids that have been released between 1963 and 2008 could be associated with gradual 
changes in TE.   
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Materials and Methods 
Hybrids  
Two experiments were conducted in a lysimeter platform located at Gatton in south-east Queensland, 
Australia (27°33’S, 152°20’E). Each experiment contained a sub set of seven hybrids from the ERA 
set, and 11 different hybrids were used across the two experiments (Table 5.1). The hybrids ranged 
in their year of commercial release from 1963 for 3306 to 2008 for 32T16. Although the hybrids 
represented commercial diversity for a range of traits, no prior on TE was available at the time of 
selection of subset of hybrids. 
Table 5.1 Single cross maize hybrids included in both experiments conducted in 2012 and their year 
of commercial release 
Hybrid YOR 
3306 b 1963 
3376 b 1965 
3366 b 1972 
3382 a 1976 
3377 a, b 1982 
3379 b 1988 
3394 a 1991 
34G81 a 1997 
34H31 a, b 2002 
33D11 a, b 2005 
32T16 a 2008 
a Hybrids included in experiment one planted late during season 2011-2012 
b Hybrids included in experiment two planted early during season 2012-2013 
 
Experimental details  
The lysimeters used for the experiments consisted of plastic industrial bins of around 51 L. Lysimeters 
were filled to a constant weight with a mixture of sand (30%) and loam (70%). Around 40 g of 
Osmocote Plus (16% N, 3.5% P, 10% K) slow-release fertilizer (Scotts Australia) was added to the 
soil mixture at the time of sowing. A PVC pipe with a volume of around 1L was partly embedded 
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into the soil of each lysimeter for easy application of water throughout the experiment. Additional 
fertilizer was added at regular intervals through this pipe to ensure that nutrient supply did not limit 
plant growth. After filling, the soil was watered to close to the drained upper limited.  
Experiment 1 (Exp1) was planted on 16 January 2012 and was conducted during late summer and 
autumn, whereas Experiment 2 (Exp2) was planted on 16 September 2012 and was conducted during 
spring and early summer. Around four to five seeds were planted per lysimeter, and emerged 
seedlings were gradually thinned until one plant per lysimeter was left when around 3-4 leaves had 
fully emerged. In both experiments, one lysimeter did not have any emerged plants, and these were 
replanted right after emergence, four days after planting in Exp1 and six days after planting in Exp2. 
Once thinning was complete, the soil surface of each lysimeter was sealed with plastic covers to 
minimize soil evaporation and measurement of water use commenced.  
Each lysimeter was positioned on its own load cell.  Load cells were located on trolleys that carried 
two rows of four load cells each. The distance between load cells was around 50 cms within trolleys 
and 1 m between adjacent trolleys. The weight of each lysimeter was monitored continuously and 
rewatering with a user defined amount of water was triggered automatically once the weight of a 
lysimeter dropped below a pre-determined value. The experiments were laid out as randomized 
complete block design in an 8x8 grid with eight replications. Each trolley was a replication that 
contained seven hybrids and one empty reference lysimeter each. Plants were harvested five days 
after first silking, between 13-22 March 2012 for Exp1 and 19-26 November 2012 for Exp2.  
Pests and diseases were controlled chemically where required, and no significant outbreaks occurred. 
A solution of 0.3% calcium nitrate was sprayed into the whorl of each plant at regular intervals to 
minimize symptoms of Ca deficiency on expanding leaves.    
Measurement of transpiration efficiency.  
At harvest, plants were cut below the base of the stem and shoot fresh weight of each plant was 
determined. Plants roots were washed out from the soil using screens to minimize loss of roots. Dry 
mass of roots and shoots (including any tillers) was obtained after drying samples at 75°C until weight 
was stable. 
Total transpiration by each plant throughout the duration of the experiment was determined from the 
decline in lysimeter weight between covering the soil at the 3-4 leaf stage and harvest and the amount 
of water added during this period. To account for the effect of plant weight at harvest on the decline 
in lysimeter weight, the observed shoot fresh mass and root dry mass were added to the calculation 
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of transpiration, whereas the average change in the weight of the reference lysimeters was subtracted 
from the estimates. Transpiration efficiency was calculated as total dry mass per unit of water used.   
Statistical model 
The data for total biomass, transpiration (T), transpiration efficiency (TE) based on shoot (TE shoot) 
based on total biomass including root (TE Total), and root total biomass ratio (root:total) within each 
experiment were modelled following the two models displayed below. The first one, across 
experiments, was used to explore differences between experiments and genotype by environment 
interactions. The second one by experiments to analyse trends under the contrasting environmental 
conditions experienced in the two experiments. 
Across experiments: 
𝑌𝑖𝑗𝑘𝑙𝑚 =  𝜇 + 𝐸𝑖 + 𝑯𝒋 + (𝑩|𝑬)𝒊𝒌 + (𝒓𝒐𝒘|𝑬)𝑖𝑙 + (𝒄𝒐𝒍|𝑬)𝒊𝒎 + (𝐄 × 𝐇)𝐢𝐣 + 𝑒𝑖𝑗𝑘𝑙𝑚 
Where µ is the overall mean, Ei is experiment, Hj hybrid, (B|E)ik is table within experiment, rowl and 
colm correspond to the factors for row and column position within each experiment., (ExH)ij is the 
two way interactions between experiment and hybrid, and finally residual eijklm. 
By Experiments: 
𝑌𝑖𝑗𝑘𝑙𝑚 =  𝜇 + 𝑯𝒋 + 𝑩𝒌 + (𝐫𝐨𝐰)𝐥 + (𝐜𝐨𝐥)𝐦 + 𝑒𝑖𝑗𝑘𝑙𝑚 
 
Where µ is the overall mean, Ei is experiment, Hj hybrid, Bk is table and two way interactions between 
experiment and table, experiment and hybrid, experiment and position (ExP)il, and residual eijklm. 
Random effects are denoted with bolded fonts to differentiate them from fixed effect. 
Variance components were estimated by residual maximum likelihood method ASREML (Gilmour, 
Gogel et al. 2009), Wald procedure was used to compare between fix factors and trend over year were 
tested for significance by linear regression (R Core Team, 2014). Additionally, T-Test pairwise 
comparisons were conducted across all hybrids in both experiments. 
 
Results 
Significant differences in total biomass production were observed between the two experiments (F 
test p-value<0.001, Table 5.2), with Exp1 ( 172.9 g plant-1) on average producing less biomass than 
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Exp2 (361.7 g plant-1) (average standard error 25.9 g plant-1).This difference was likely associated 
with the slightly shorter duration from sowing till harvest in Exp1 (57-66 days) compared with Exp2 
(64-71 days), which may have resulted in slightly greater radiation interception per plant in Exp2 and 
hence increased biomass production. In contrast, genotypic differences and the genotype × 
environment (G×E) interaction were both not significant (Table 5.2), although, a weak relationship 
between biomass and year of commercialization was detected for Exp2 only, where older hybrids 
tended to produce more biomass (Table 5.2, Fig 5.1).  
 
Figure 5.1 Best Linear Unbiased Predictions for total biomass after flowering obtained from the 
analysis by experiment. No significant trends were observed. 
The average total transpiration across all hybrids was less in Exp1 (27.2 kg plant-1) than in Exp2 (31.6 
kg plant-1) (average standard error 1.19 kg plant-1). Similar to the results for biomass, no significant 
G×E interaction was detected for total transpiration, but genotypic differences were significant in 
Exp2 (Table 5.2), where older hybrids used more water than newer ones (Fig. 5.2). This was 
consistent with the results for biomass production. 
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Figure 5.2 Best Linear Unbiased Predictions for Transpiration in grams of water and average standard 
errors for both experiments conducted in the lysimeter platform in Gatton, QLD including hybrids 
from 1963 to 2008. Significant trend is observed only in Exp. 1 (p-value=0.04) 
 
Average TE differed significantly between the two experiments (Table 5.2) and was greater in Exp2 
(9.83 and 11.13 g kg-1 for TE Shoot and TE Total respectively) than for Exp1 (5.47 and 6.47 g kg-1 
for TE shoot and TE total respectively). The G×E interaction for TE Total and TE Shoot tested 
significant, but no genotypic differences were observed for either TE Total or TE Shoot (Table 5.2).  
The root:total biomass partitioning ratio differed significantly between experiments (Table 5.2), with 
the average allocation to roots in Exp1 (15%) significantly greater than the 12% in Exp2 (average 
standard error 1%). However, genotype effects and the G×E interaction were non-significant (Table 
5.2).  
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Table 5.2 Variance components, standard errors (se) for the analysis across experiments. linear regression relating A (year of release) to the predicted 
value for each trait. 
 GxE Experiment comparison                              G Slope 
Trait component se 
 
(p-value) 
 
Experiment component se 
 
(Prob > t) 
root:total 3.234E-11 5.11E-12 * 1.09E-05 * 
1 2.84E-05 5.72E-05  0.20  
2 4.50E-05 3.87E-05  0.24  
T 1536332.94 2540329.03  0.013 * 
1 6699952 4866138  0.54  
2 7252072 4409654 * 0.04 * 
TE Shoot 0.17 0.9 * 2.57E-10 * 
1 0.057459 0.041479  0.67  
2 0.304105 0.249199 * 0.15  
TE Total 0.16 0.09 * 5.32E-10 * 
1 0.064085 0.044953  0.32  
2 0.282616 0.248122 * 0.14  
Total Biomass 986.91 781.97  6.41E-07 * 
1 152.3772 122.0084  0.35  
2 2312.536 1527.006  0.06 + 
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Discussion 
Grain yields of maize in the US corn belt have increased steadily over the past decades (Duvick 1977; 
Duvick, Smith et al. 2004). Grain yield is determined by resource capture, resource use efficiency, 
and biomass partitioning to the grains (harvest index). Under optimum growing conditions, radiation 
is the limiting resource, making radiation interception and radiation use efficiency critical 
components of biomass accumulation. In contrast, under drought stress, when water is the limiting 
resource, water use (transpiration) and TE are the main determinants of biomass accumulation.  
The current experiments did not show any genotypic differences in TE. This result is consistent with 
those reported by van Oosterom et al. (2016) for elite maize germplasm selected for the corn-belt of 
the US. Similarly, Yang et al. (2012) reported no genotypic differences in the response of 
transpiration rate per unit leaf area to vapour pressure deficit, which is an important component of 
TE (Sinclair et al., 2005). There was some suggestion of a decline in plant size, and hence water use, 
with year of commercialization (Figs 5.1, 5.2) in Exp2. However, as the lysimeter experiments were 
conducted at low plant densities (around 2 plants m-2), the relevance of this result to field situations 
is doubtful. Indeed, field studies with the ERA hybrids indicated no trend of total water use with year 
of commercialization (Chapter 3, Reyes et al., 2015). Those field studies, combined with the absence 
of genotypic differences in TE in the current studies, make it unlikely that changes in water capture 
and use of efficiency have contributed to the steady increase in yield of maize in the corn belt of the 
US (Duvick 1977; Duvick, Smith et al. 2004).     
Because TE in the current experiments was measured under well-watered conditions, there is a 
possibility that genotypes may differ in their TE under drought stress, when T and TE do determine 
biomass accumulation. Indeed, genotypic differences in the response of transpiration rates to soil 
drying have been reported for pearl millet (Kholová et al. 2010a). However, G×E interactions for TE 
are often not significant, as observed for rice (Haefele et al., 2009) and sorghum (Mortlock and 
Hammer, 1999; Vadez et al., 2011a). Condon et al. (1990) reported a significant (P<0.01) positive 
correlation between TE in well watered and drought stressed conditions. Although significant G×E 
interactions for TE have been observed in both sorghum (Xin et al., 2009; Vadez et al., 2011b) and 
peanut (Krishnamurthy et al., 2007), the G×E effect was smaller than the genotypic main effect in 
each of these studies. All available evidence thus suggests that G×E interactions for TE are likely to 
be minor relative to the genotypic main effects. In view of the absence of genotypic differences in 
TE for maize and in this study and other studies (Yang et al., 2012; van Oosterom et al., 2016), it is 
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thus unlikely that genotypic differences in TE under drought will have been a major contributing 
factor to any increase in grain yield of maize under drought stress in the corn belt of the US  
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Chapter 6 Changes in biomass allocation over half a century of single cross maize 
breeding in the U.S. Corn Belt are related to trends in kernel number and grain 
yield 
 
Abstract 
Some studies have suggested that genetic improvement in maize yield in the US corn belt since the 
introduction of single cross (SX) hybrids in the 1960’s was related to increased kernel number 
associated with higher partitioning to the ear. The objective of this study was to measure biomass 
allocation patterns across the selection of ERA hybrids and attempt to identify mechanisms that could 
explain long term trends in maize yield.  Data were obtained from three field experiments (US and 
Chile) and two lysimeter experiments (Australia) to examine maize biomass partitioning and carbon 
distribution under different environments.  Each experiment included a range of SX hybrids with year 
of commercial release ranging from 1963 to 2008. Genotypic variation was detected for several traits 
measured in the various experiments. In field experiments conducted in both USA and Chile, 
significant differences among hybrids were detected for anthesis-silking interval, kernel number and 
yield and estimated trends with respect to year of commercialization conformed well to prior reports. 
Trends observed with year of release in specific leaf nitrogen (increase) and tassel size (decrease) are 
hypothesized to support the time trend in genetic improvement in kernel set and yield.  Along with 
previously reported changes in stay green and the evidence presented in this study, three possible 
factors in the developmental sequence that appear to be associated with improved yield as observed 
in this ERA sequence of hybrids are suggested. Morphological changes in leaves during vegetative 
growth determines an increased capacity to store N. Around flowering time both carbon and hormonal 
regulation associated with a higher carbon assimilation due to increased RUE and reduced tassel size 
can increase reproductive sink size. Increased nitrogen concentration in leaves could support higher 
carbon assimilation during grain fill to materialize an increased kernel set into yield.   
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Introduction 
Genetic improvement in maize grain yield for the US Corn Belt has been widely documented and 
related to higher number of kernels per unit area and increase in stress tolerance (Duvick 1977; 
Duvick, Smith et al. 2004).  The improvements in grain yield have been measured by quantifying the 
field performance of a series of hybrids successfully commercialized every decade since the 1920’s: 
the so-called the ERA Pioneer hybrids.  Some studies suggest that increased kernel number has been 
associated with higher partitioning to the ear (Duvick 2005; Tollenaar and Lee 2006; Hammer, et al. 
2009). It has also been observed that yield increase was dependent on increased plant population and 
not related to increase in potential harvest index. 
Sustained photosynthesis during the grain filling period and better water and carbohydrate status 
during the critical time around flowering may be conferring modern genotypes the ability to increase 
grain number and total biomass accumulation. Modelling studies to explore changes in root and 
canopy architecture suggested putative roles for increases in resource capture, leaf area maintenance 
and carbon partitioning (Hammer et al. 2009).  However, field measurement of soil water use has 
shown no significant differences in total season water capture by single cross (SX) ERA hybrids 
(Reyes et al. 2015) and data from lysimeter platform studies showed no variation in transpiration 
efficiency with year of release for SX ERA hybrids (see Chapter 5). Radiation use efficiency in well-
watered conditions, observed in a similar sub-set of the ERA hybrids (see Chapter 4) showed 
significant correlation with year of release, and thus likely explains some of the yield gain in maize. 
Tassel size and mass have been reported to decline with year of release in the ERA hybrids, while 
potential harvest index (HI), the ratio of grain to total above-ground mass, has increased minimally 
at optimal plant population (Duvick et al. 2004). Optimal population for older hybrids is lower than 
for modern hybrids, which suggest stress tolerance increased with cycles of selection. Greater 
changes in HI over time have been reported in tropical maize populations under both well water-
watered and water-limited conditions, along with smaller tassel size, more erect leaves, higher stay 
green, and shorter anthesis-silking intervals (ASI) (Edmeades et al. 1999). The negative association 
between ASI and kernel number, and consequently grain yield, has been linked to changes in carbon 
supply (Boyle et al. 1991) and carbon flux to the spikelets (Schussler et al. 1995), leading to a 
reduction in kernel abortion. Thus, increased ear growth has been implicated in reduced ovule 
abortion under stress, and can explain the negative association between ASI and grain yield (Campos 
et al., 2006). 
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Improved stay green, and the associated increased leaf area maintenance and potentially increased 
photosynthetic capability during grain filling, has also been related to the time trend in maize grain 
yield (Tollenaar et al. 2004; Tollenaar et al. 2006). Tollenaar et al. (2004) discussed the possibility of 
improved yield due to a faster leaf appearance rate allowing a longer period of grain filling due to 
earlier silking and reduced ASI along with an increased total light interception through the delayed 
senescence resulting in sustained photosynthesis through grain filling. However, changes in stay 
green must reflect the functional dynamic of water and/or nitrogen capture and use throughout the 
crop cycle as noted in detailed studies on stay green in sorghum (van Oosterom et al, (2010a,b). High 
leaf area index (LAI) is required to store nitrogen in leaves, which can later be translocated to the 
grain.  However, lack of light reaching lower leaves can trigger senescence limiting growth and 
accumulation of nitrogen (Sinclair and Sheehy 1999).  A strong correlation between LAI and stay 
green has been reported for corn and associated with increased grain filling process and kernel yields 
(Crafts-Brandner and Poneleit 1987). The decreased light attenuation within the canopy associated with 
via more erect leaves, may allow the increased LAI associated with stay green.    
While there have been some studies seeking to explain yield differences between older and newer 
hybrids, and many theoretical concepts proposed, there is a limited number of comprehensive 
empirical studies across a range of maize hybrids reflecting the time trend in yield advance that 
quantified patterns in maize biomass allocation. The objective of this component of the research was 
to study biomass allocation patterns across the selection of ERA hybrids and attempt to identify 
mechanisms that can explain long term trends in maize yield.  
Material & Methods 
Experimental details 
For this study data obtained from five different experiments were used to examine maize biomass 
partitioning and carbon distribution under different environments. Two of these experiments were 
conducted in a DuPont Pioneer research station located six kilometers west of Woodland, CA, USA, 
the first experiment was planted in the 26th of April, 2010 (WO2010) and in May 7th, 2012 
(WO2012). Another experiment was planted in the DuPont Pioneer experiment station located in 
Buin, about 50 kilometers south of Santiago on November 24th, 2011. The final two other experiments 
were conducted in 2012 in the lysimeter platform at the Gatton campus of the University of 
Queensland. The first experiment was planted on January 16th, 2012 and the second experiment on 
September 16th, 2012.  
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In Chile, field plots were set as 6 row plots of 4.5 meter length with row spacing of 0.75 meters. Plots 
were thinned to 11 plants m-2. In California, plots contained either 2 rows (2010) or 4 row (2012). 
Rows were 0.76 meters apart and 4.42 meters long. Plots were thinned to 9 plants m-2 In all field 
experiments, 60 centimeter alleys were used to separate plots. Buried drip tape was used for 
irrigation.  
Details of the experiments conducted in Gatton are described in chapter five. 
Hybrids 
24 ERA single-cross hybrids commercialized between 1963 and 2008 were used in total across the 
five experiments. A summary of the hybrids per experiment can be found in Table 6.1.   
Table 6.1 Single-cross maize hybrids included in experiments and their year of commercial release 
Hybrid Year  Hybrid Year 
3306 *†‡□ 1963  3489 
*□ 1994 
3376 †‡□ 1965  3335 
* 1995 
3334 * 1969  34G81 
*†◊□ 1997 
3366 *†‡□ 1972  33P66 
* 1999 
3301A †□ 1974  33P67 
†□ 1999 
3541 *†□ 1975  34H31 
*†◊‡□ 2002 
3382 ◊□ 1976  33D11 
*†◊‡□ 2005 
3377 *†◊‡□ 1982  33D49 
*†□ 2007 
3378 * 1983  35F40 
*†□ 2007 
3475 *□ 1984  32T16 
◊□ 2008 
3379 *†‡□ 1988  33W82 
* 2008 
3394 *†◊□ 1991  33W84 
□ 2008 
 
 * WO2010, † CH2011, ◊ Lysimeter 1, ‡ Lysimeter 2, □ WO2012 
Phenotypic measurements 
 In the experiment conducted in WO2010 (three replications), and in the lysimeter (eight replications) 
experiments, plants were sampled and dissected to separate organs based on their position in relation 
to the ear. For WO2010, 2-4 representative plants in each plot were selected, tagged and harvested 
six days after silking. Lysimeter were sampled also consistently five days after silking. In WO2010, 
CH2011, and WO2012 in addition to sampling plants at flowering it was possible to harvest the plots 
or sample ears to count kernels after physiological maturity. In WO2010 and Lysimeter, sampled 
plants were separated into components of stem (including sheath), leaf blades, tassel, and ear. The 
same procedure was followed for the tillers in the two experiments in the Gatton lysimeter platform 
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when tillers were present. All individual samples were bagged, identified and placed in a dehydrator 
at 75 oC until weight was stable and mass data was collected.   Leaves were measured for their 
maximum width and total length and their area was calculated (Birch et al., 1998). Using the observed 
leaf area and mass, specific leaf area (SLA, cm2 g-1) was calculated as their ratio. Additionally, 
specific leaf nitrogen (SLN) was estimated by using SPAD chlorophyll meter (Minolta Corp., 
Ramsey, NJ) (Chapman and Barreto, 1997) and expressed as g N m-2 leaf area. 
When possible in the field experiments grain was harvested with an experimental split TR combine 
(CNH Global, Burr Ridge, IL, USA).  Grain yield and moisture content was collected in this manner 
in 2010. In the experiments conducted in Chile and California kernels were counted using ear 
photometry (DuPont Pioneer, Iowa, U.S.) from ten primary ears per plot. Flowering time was 
observed by recording the time when 50% of plants per plot were either shedding pollen (anthesis) 
or had at least one visible silk (silking).  Thermal time was calculated from planting to silking and 
shedding using 10°C and 30°C as base and optimal temperature respectively (Gilmore et al. 1958) 
and ASI as the arithmetic difference between thermal time to silk and thermal time to shed. 
 
Statistical analyses 
An across experiments analysis was performed for variables observed for experiments conducted in. 
Variance components were estimated by residual maximum likelihood method ASREML (Gilmour 
et al. 2009), and genotype estimations were obtain by experiment, using the following model, 
𝑌𝑖𝑗𝑘𝑙𝑚 =  𝜇 + 𝐸𝑖 + 𝑯𝒋 + (𝑩|𝑬)𝒊𝒌 + (𝒓𝒐𝒘|𝑬)𝑖𝑙 + (𝒄𝒐𝒍|𝑬)𝒊𝒎 + (𝐄 × 𝐇)𝐢𝐣 + 𝑒𝑖𝑗𝑘𝑙𝑚 
where µ is the overall mean, Ei is experiment i, Hj is hybrid j, (B|E)ik is rep k within experiment i, 
rowl and colm correspond to the factors for row l and column m position within each experiment., 
(ExH)ij is the two way interactions between experiment and hybrid, and eijklm is the residual 
For WO2010 the analysis was conducted following this model: 
𝑌𝑖𝑗𝑘𝑙𝑚 =  𝜇 + 𝑯𝒋 + 𝑩𝒌 + (𝐫𝐨𝐰)𝐥 + (𝐜𝐨𝐥)𝐦 + 𝑒𝑖𝑗𝑘𝑙𝑚 
 
where µ is the overall mean, Hj is hybrid j, Bk is block k, rowl and colm correspond to the factors for 
row l and column m position and eijklm is the random error. Random effects are denoted with bolded 
fonts to differentiate them from fixed effect. 
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Results and Discussion 
Genotypic variation was detected for several traits measured in the various experiments in this study 
(Table 6.2). In field experiments conducted in both USA and Chile, significant differences among 
hybrids were detected for anthesis-silking interval, kernel number and yield (Table 6.2). Estimated 
trends with respect to year of commercialization conform well to prior reports (Table 6.3; Duvick et 
al, 2004; Campos et al., 2004). The negative trends with respect to year of commercialization for ASI 
were associated with positive trends for kernel number and yield (Table 6.3). Similar correspondences 
among these traits were reported for temperate and tropical maize germplasm (Duvick et al., 2004; 
Bolaños et al., 1993; Campos et al., 2004; Chapman and Edmeades, 1999). These results suggest that 
the selection of hybrids included in this study was adequate to recapitulate physiological behaviors 
previously reported for the ERA study and other germplasm. 
Based on the correspondence between ASI, kernel number and yield, a causal model was proposed 
to explain long term changes in tropical germplasm under selection for improved tolerance to drought 
and nitrogen stress (Chapman and Edmeades, 1999; Lafitte and Edmeades, 1995; Bolaños et al., 1993; 
Edmeades et al., 1993). In the present study it was not possible to detect significant differences in ear 
mass and total mass (Table 6.2). As discussed in Chapter 5, it is feasible that the power of the 
statistical models, number of plants sampled and experimental design were not sufficient to detect 
small differences in ear mass at flowering time under field conditions. Significant genotypic 
differences were detected for ear mass (Table 6.2) and trends with respect to year of 
commercialization only in the Lysimeter-2 experiment (Table 6.3). But the trend was negative and 
largely influenced by two genotypes commercialized in the 60-70s. 
Tassel size consistently decreased with increasing year of commercial release in both field and 
lysimeter experiments (Table 6.2,6.3; Figure 6.1). This result is in agreement with a prior report 
(Duvick et al., 2004). The relationship between kernels per ear and  
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Figure 6.1 Trends with year of commercialization in tassel biomass at flowering for the field 
(WO2010) and lysimeter experiments (Lys1 and Lys2). 
 
tassel size as estimated for WO12 experiment is apparently non-linear (Figure 6.2). The larger the 
mass allocated to the tassel the lower the number of kernels set per ear above a threshold of around 
55 g. This relationship suggests a causal link that could be analyzed from a mass balance or a signaling 
perspective. Considering a functional framework that relates kernel number and plant growth rate 
(Andrade et al, 1999), and a threshold for kernel set determination between 0.5 and 1 g plant-1 day-1 
for ten days, it is possible to estimate that 5 g plant-1 would be required to cause a relevant change in 
kernel number. Because the rate of change in tassel mass observed ranged between -0.03 and  
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Table 6.2 Variance components and standard errors (SE) for traits measured in the field and lysimeter 
experiments 
Experiment Trait 
G  GxE  
Component (se)  Component (se)  
WO2010 Biomass Leaves Above the Ear 1.24 1.49     
WO2010 Biomass Leaves Below the Ear 9.99 4.59 *    
WO2010 Biomass stems and sheath Above the Ear 3.53 2.89     
WO2010 Biomass stems and sheath Below the Ear 49.35 31.77 *    
WO2010 Tassel Biomass  0.39 0.17 *    
WO2010 Grain moisture 18.23 6.59 *    
WO2010 Grain Yield MT ha-1 5.04 1.88 *    
WO2010 Main Ear 2.44 1.73     
WO2010 Total Biomass 119.78 104.84     
WO2010 Total Biomass Above the Ear 8.42 8.23     
WO2010 Total Biomass Below the Ear 89.27 54.45 *     
CH2011-WO2012 ASI 2408.32 920.44 * 282.37 208.89  
CH2011-WO2012 Primary Ear Biomass Flowering 1.16 0.66 * 0.73 0.46 * 
CH2011-WO2012 Kernel Number 6479.91 2765.11 * 2415.44 1080.54 * 
CH2011-WO2012 Thermal Time to Pollen Shed 14.41 5.83 * 1.64 1.70  
CH2011-WO2012 Thermal Time to Silk 34.25 13.12 * 6.50 3.22 * 
CH2011-WO2012 Total Biomass at Flowering -- --  -- --  
Lysimeter 1 - 2 Biomass Leaves Above the Ear -- --  1.45 0.759 * 
Lysimeter 1 - 2 Biomass Leaves Below the Ear 4.09 4.69  2.84 3.69  
Lysimeter 1 - 2 Biomass roots 4.53 10.16  10.71 11.02  
Lysimeter 1 - 2 Biomass stems and sheath above the ear 7.4517 5.28  1.80 3.10  
Lysimeter 1 - 2 Biomass stems and sheath below the ear 14.11 27.91  35.09 29.68  
Lysimeter 1 - 2 Biomass stems and sheath tillers -- --  126.90 63.01 * 
Lysimeter 1 - 2 Tassel biomass  0.94 0.44 * -- --  
Lysimeter 1 - 2 Leaves tillers 6.29 16.63  16.58 17.26  
Lysimeter 1 - 2 Primary ear biomass flowering 
217.91 105.74 
* 
-- --  
Lysimeter 1 - 2 Total biomass including tillers 143.92 785.43  1123.33 918.08  
Lysimeter 1 - 2 Total biomass 110.41 671.41  938.26 780.29  
Lysimeter 1 - 2 Total node number 0.36 0.17 * 2.03E-08 3.16E-09 * 
 
-0.05 g plant-1 year-1, it is not feasible to fully explain the variation in kernel number and yield from a 
simple mass balance perspective. Therefore, the body of evidence presented in this study implies a 
hormonal regulation of kernel set via increased availability of sugars (Roitsch and González, 2004; 
Koch, 2004). This regulation could be exerted directly on the kernels and/or in stem and leaves 
positioned near the tassel, which could also be reduced and can contribute sugars to support kernel 
set. Some evidence to support this view is presented in Table 6.3.  
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Figure 6.2 Relationship between kernels per ear (KPE) and tassel mass (g) at harvest for experiment 
WO2012. Threshold of 53.5 g for tassel size related to increase of KPE for this experiment. 
 
In Chapter 5 it is postulated that a change in the nitrogen dynamics in the plant would be required to 
1) support growth around flowering time and improve kernel set, and 2) maintain growth and N 
uptake during grain fill to realize enhanced kernel set. It is postulated that leaf erectness can help 
maintain N in leaves positioned low in the canopy. Experimental results from WO12 demonstrate 
that SLN increased with increasing year of commercialization release (Figure 3). Similar trends are 
observed from leaves sampled below the ear and above the ear at flowering time. Because SLN values 
are above the critical SLN to maximize photosynthesis (Muchow 1988), this result is fundamental 
and suggests that changes in physiology or morphology were conducive to increase N storage. 
Increased greenness or staygreen has been reported before (Duvick et al., 2004) but a quantitative 
measure that can help relate the observed long-term change with increase assimilation and N storage 
was lacking. This study helps understand the observed positive trend in SLN. Leaf area below the ear 
decreased with increasing year of commercial release but not the stem mass (Table 6.3). The 
consequence of this  
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Table 6.3 Slopes of regression fitted to trait value (for traits with significant genetic variation (Table 
2)) on year of commercialization for field and lysimeter experiments 
Location Trait 
Slope 
g/ pl/ y p-value R2 Trend direction 
WO2010 SLA above the ear -0.16 0.05 0.22 Decreasing 
WO2010 Grain moisture -0.15 0.04 0.25 Decreasing 
WO2010 LA below ear -26.05 0.01 0.34 Decreasing 
WO2010 SLA below the ear -0.36 <0.01 0.44 Decreasing 
WO2010 tassel mass -0.03 <0.01 0.51 Decreasing 
WO2010 SLN above the ear 0.002 0.01 0.32 Increasing 
WO2010 SLN below the ear 0.003 <0.01 0.53 Increasing 
WO2010 Grain Yield MT ha-1 0.11 <0.01 0.54 Increasing 
CH2011 ASI -2.24 <0.01 0.64 Decreasing 
CH2011 Kernel number 3.89 <0.01 0.73 Increasing 
WO2012 Thermal time to Silk -0.25 0.02 0.30 Decreasing 
WO2012 ASI -2.70 <0.01 0.58 Decreasing 
WO2012 Kernel number 5.08 <0.01 0.51 Increasing 
Lysimeter 1  Biomass leaves above the ear 0.06 0.02 0.69 Increasing 
Lysimeter 2 Primary ear biomass flowering -0.81* 0.04 0.59 Decreasing 
Lysimeter 2 Tassel mass  -0.05 0.01 0.79 Decreasing 
Lysimeter 2 Biomass leaves above the ear -0.07 <0.01 0.83 Decreasing 
      
*Slope mainly caused by two genotypes at the beginning of the period of single cross breeding 
morphological change is lower N dilution, thus maintenance of functional leaves at the base of the 
canopy. The Lysimeter-2 experiment shows that leaves above the ear can either increase or decrease 
with year of commercialization. This result suggests that the positive trend in SLN (Figure 3) implies 
a concentration mechanism or a morphological/anatomical change. The negative trend in SLA 
supports this later hypothesis. The higher SLN observed in modern hybrids, above the concentration 
for maximum photosynthesis (van Oosterom et al., 2010a,b; DeBruin et al., 2013; Sinclair and Horie, 
1989; Sinclair and Muchow, 1995) directly translates into more N available for translocation per unit 
leaf area, and presumably lower rate of senescence, higher carbon assimilation and yield. 
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a)                                                                        b) 
 
c)                                                                                 d) 
 
 
Figure 6.3 Trends with year of commercialization in SLN (g N m-2) above and below the ear (a and 
b) and in SLA (m2 kg-1) above and below the ear (c and d) for experiment WO2010. 
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The evidence presented in this study suggests three possible intervals in sequence that appears to be 
associated with improved yield as observed in this ERA sequence of hybrids. Morphological changes 
in leaves during vegetative growth determines an increased capacity to store N. Around flowering 
time both carbon and hormonal regulation associated with a higher carbon assimilation due to 
increased RUE and reduced tassel size can increase reproductive sink size. Increased nitrogen 
concentration in leaves could support higher carbon assimilation during grain fill to materialize an 
increased kernel set into yield.   
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Chapter 7 Concluding Remarks 
In the US corn-belt maize has experienced constant improvement in yield since the release of the first 
maize hybrid in 1926 (Duvick et al. 2004; Cooper et al. 2014) and a number of factors have 
contributed to this increase. While the long term breeding initiatives have focused predominantly on 
increasing yield under optimal conditions, the increased grain yield over the past decades have also 
contributed to improved tolerance to stress conditions and to high plant population (Tollenaar et al. 
2002, Tollenaar and Lee 2011). 
This study aimed to increase understanding of the physiological basis that underpins these past yield 
increases, which, until now, remains elusive. The work done by Hammer et al. (2009) explored 
through simulation techniques some of the possible factors underpinning genetic gain for grain yield 
in the US. The present study was designed to provide empirical data to determine whether yield 
increases were associated with changes in resource capture (radiation and water), resource use 
efficiency, or partitioning to reproductive organs.  
To address this, in this study a number of single cross ERA hybrids were used that were released for 
commercialization between 1963 and 2008. During this period, selection focused predominantly on 
grain yield and leaf erectness. These changes raised the question whether changes in radiation use 
efficiency (RUE) could explain yield increases. Experiments conducted in this study were designed 
to answer this question by selecting locations in Chile and California (US) with high biomass 
accumulation potential and optimal crop management to minimize presence of abiotic stresses. 
Results suggested a gradual increase in RUE over time under high yielding conditions, although 
genotype × environment interactions were observed. The observed increases in RUE could explain 
up to 50% of the estimated genetic gain for grain yield under favorable conditions during the single 
cross  era (Cooper et al. 2006). 
However, drought is a main factor that can limit grain yield of maize in the corn belt of the US 
(Cooper et al. 2014). Experiments conducted in California (US) under water managed conditions in 
the field indicated no trends in total water capture for hybrids released over the past decades. 
Moreover, studies conducted in a lysimeter platform at Gatton, Australia, provided no evidence for 
genotypic differences in transpiration efficiency.  Although these results do not discard the possibility 
that increases in yield are influenced by changes in root architecture, it is possible to conclude that 
water capture and transpiration efficiency have not played a significant role in the genetic gain for 
grain yield in maize.  
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A final component in the explanatory physiological framework is partitioning to the ear. It is possible 
that a better carbon status of the ear during the critical period around flowering could have accounted 
for the increased grain yield over time. To study changes in biomass partitioning over time, data from 
plants grown under optimum conditions in the field (Chile and US) and in lysimeters (Australia) were 
utilized to provide comprehensive information regarding biomass accumulation and distribution in 
the plant. These results showed a clear trend in reduction of the size and/or mass of organs above the 
ear, especially tassel. These changes may be indicative of decreases in apical dominance in favor of 
the ear and may have reduced competition for assimilates with the ear. These changes along with the 
increase in leaf angle score are also influencing the canopy light dynamic, reducing senescence, 
increasing stay-green and allowing higher photosynthetic capacity during grain filling. 
In conclusion, the results of this thesis indicate that the gradual yield increase of single cross hybrids 
released between 1963 and 2008 was a consequence of increased radiation use efficiency and reduced 
tassel size that favored enhanced partitioning to the ear at the critical time of ear development. Both 
these changes are likely to be consequences of selection for more erect leaves under high plant 
densities.  
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